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FOREWORD 


The  Applied  Physics  Laboratory  (APL),  a  division  of  The  Johns  Hopkins 
University,  is  located  in  Howard  County,  Maryland,  midw'ay  between  Baltimore 
and  Washington.  Its  work  is  carried  out  under  contractual  agreements  between 
the  University  and  the  federal,  state,  and  local  governments.  APL  employs  a  staff 
of  more  than  2700  including  1430  professional  scientists  and  engineers,  of  whom 
more  than  half  have  advanced  degrees.  Their  ideas  are  implemented  and  extend¬ 
ed  through  several  field  activities  and  a  network  of  associate  contractors  and  col¬ 
laborators  from  coast  to  coast. 

The  primary  mission  of  APL  is  to  enhance  national  security  by  applying 
advanced  science  and  technology  to  the  solution  of  problems  important  to  na¬ 
tional  objectives.  The  Laboratory  conducts  programs  in  fundamental  and  applied 
research,  exploratory  and  advanced  development,  component  engineering,  sys¬ 
tems  engineering  and  integration,  and  test  and  evaluation  of  operational  systems. 
Approximately  85%  of  the  Laboratory’s  effort  is  for  the  Department  of  Defense 
(76%  for  the  Navy  and  9°’o  for  other  DoD  agencies).  The  remaining  15%  is  devoted 
to  nondefense  areas,  including  space  research. 

The  current  programs  at  APL  cover  a  wide  range  of  activities.  Many  are 
broad  in  scope,  long  term,  or  highly  classified,  and  therefore  not  reportable  here¬ 
in.  The  articles  for  this  document  are  solicited  annually  from  the  whole  Labora¬ 
tory.  The  writers  are  individuals  or  small  groups  who  have  been  personally  involved 
in  particular  efforts  and  are  motivated  to  report  to  a  wider  audience  than  they 
usually  communicate  with.  For  these  reasons,  this  publication  does  not  necessari¬ 
ly  represent  all  the  accomplishments  of  APL  during  fiscal  year  1983  (I  October 
1982  through  30  September  1983). 

APL  was  organized  in  1942  under  the  auspices  of  the  Office  of  Scientific 
Research  and  Development  to  develop  a  proximity  (VT)  fuze  for  antiaircraft  de¬ 
fense;  that  was  the  principal  effort  during  World  War  II.  The  era  of  emerging 
guided-missile  technology  extended  from  about  1944  to  1956.  During  that  time, 
APL  concentrated  on  providing  better  air  defense  for  the  Fleet  by  developing  a 
family  of  shipborne  surface-to-air  missiles.  The  Navy-sponsored  “Bumblebee" 
program  pioneered  many  basic  guided-missile  technologies  later  used  in  other  air, 
surface,  and  submarine  missile  programs. 

The  era  of  weapons  systems  engineering  began  in  1956  with  the  commis¬ 
sioning  of  the  first  guided-missile  cruiser.  The  experience  gained  during  that  peri¬ 
od  has  found  application  in  many  systems  of  interest  to  the  Navy  in  various  warfare 
areas  and  to  other  branches  of  the  government.  Significant  activities  are  proceed¬ 
ing  in  areas  of  special  APL  competence,  including  advanced  radar  techniques, 
missile  propulsion,  missile  guidance,  countermeasures,  and  combat  systems  in¬ 
tegration. 
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Of  the  newer  weapon  system  programs,  the  Aegis  Shipbuilding  Project  is 
of  major  importance  USS  Ticonderoga  (C'G-47),  now  in  the  Fleet,  is  the  first  ship 
in  a  new  class  of  nmltimission  guided  missile  cruisers  that  will  carry  the  Aegis 
surface-to-air  weapon  system.  The  Laboratory  is  Teehnical  Advisor  to  the  Navy 
in  the  design  and  development  of  the  Aegis  system.  APL  now  has  the  broader 
challenge  of  integrating  the  system  into  the  operations  of  the  battle  group.  This 
effort,  for  which  API.  is  Technical  Direction  Agent,  includes  the  design  and  de¬ 
velopment  of  the  Battle  Group  Antiair  Warfare  Coordination  System  exploiting 
the  operation  of  Aegis  cruisers  with  other  ships  and  aircraft  of  the  battle  group. 
Other  areas  of  tactical  systems  support  involve  aviation  countermeasures  as  well 
as  the  improved  effectiveness  of  the  Harpoon  cruise  missile.  The  Laboratory  has 
recently  been  made  Technical  Direction  Agent  of  the  Tomahawk  cruise  missile 
program.  APL  has  a  major  role  in  the  conceptualization  of  future  command,  con¬ 
trol,  and  communications  (C’j  systems  to  facilitate  the  operation  of  Naval  forces. 
Both  strategic  and  tactical  aspects  of  the  C’  process  are  being  examined.  An  im¬ 
portant  increasing  effort  at  APL  involves  assessing  the  integrated  performance 
of  all  the  above  systems. 

The  Laboratory  continues  to  provide  technical  evaluation  of  the  operational 
Fleet  Ballistic  Missile  (FBM)  System.  Quantitative  test  and  evaluation  procedures 
are  applied  to  every  newly  commissioned  ballistic  missile  submarine.  Similarly, 
APL  currently  provides  precise  evaluation  of  the  Army’s  Pershing  missile  pro¬ 
grams.  Significant  programs  are  also  under  way  for  Naval  strategic  communica¬ 
tions  and  tactical  targeting.  Since  1970,  APL  has  had  the  responsibility  for  planning 
and  conducting  a  significant  technical  progam  to  ensure  the  security  of  the  FBM 
submarine  fleet  against  possible  technological  or  tactical  countermeasures.  The 
approach  is  to  quantify  all  physical  and  tactical  means  that  might  be  developed 
to  detect,  identify,  and  track  our  submarines  and  to  propose  and  evaluate  suit¬ 
able  countermeasures  and  tactics. 

APL  has  a  significant  space  program.  It  started  with  the  Navy  Navigation 
Satellite  System,  originally  known  as  Transit,  one  of  the  Laboratory’s  most  im¬ 
portant  accomplishments  since  the  wartime  proximity  fuze  and  the  surface-to-air 
missile  program.  APL  invented  the  concept,  designed  and  built  the  initial  satellite 
constellation,  and  set  up  and  operated  a  worldwide  satellite  tracking  network.  The 
APL  Space  Program  has  greatly  expanded  and  is  now  applied  to  the  design  and 
construction  of  a  broad  range  of  scientific  satellites  and  spaceborne  scientific  ex¬ 
periments  for  NASA  and  the  DoD. 

With  the  encouragement  of  the  DoD,  APL  is  applying  its  talent  and  the 
experience  developed  in  DoD  programs  to  a  number  of  government-sponsored 
civil  programs.  Some  examples  of  the  areas  to  which  attention  has  been  devoted 
in  recent  years  are  biomedical  research  and  engineering;  power  plant  location;  in- 
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tegration  of  national  ocean  service  surveys;  navigation  aids;  reduction  of  pollu¬ 
tion  of  the  biosphere;  ocean  thermal,  geothermal,  and  flywheel  energy  systems; 
and  advanced  education. 

Through  the  extensive  and  intensive  use  of  integrated  circuits  and 
microprocessor  logic  in  satellites,  in  radar  and  other  naval  systems,  and  in  bio¬ 
medical  engineering  and  other  civil  areas,  APL  has  become  a  recognized  leader 
in  the  area  of  computer  technology.  Furthermore,  it  continues  to  pioneer  in  in¬ 
novative  applications  of  computers  of  all  sizes  to  problems  of  national  impor¬ 
tance.  This  trend  is  underscored  throughout  the  document  by  the  frequent 
references  to  computing  as  an  integral  part  of  most  of  the  accomplishments  reported 
herein. 


To  support  its  R&D  activities  through  knowledge  and  experience  in  advanced 
research,  the  Laboratory  performs  fundamental  research  in  biological,  chemical, 
mathematical,  and  physical  sciences  related  to  its  various  missions.  Through  unique 
applications  of  system  engineering,  science,  and  technology  to  the  needs  of  socie¬ 
ty,  APL  has  enhanced  the  University’s  tradition  of  excellence  while  gaining  world¬ 
wide  recognition  of  its  own. 


Dr.  Robert  C.  Morton,  Chairman  of  the  Coordinating  Committee  for  the 
past  two  issues  of  the  APL  Selected  Accomplishments,  died  on  February  9,  1984. 
What  he  has  left  behind  is  much  more  enduring  than  the  many  memories  that 
his  friends  and  co-workers  will  always  carry  with  them.  Something  of  his  spirit 
lives  on  in  all  who  knew  him.  But  perhaps  his  most  significant  legacy  is  the  ex¬ 
traordinarily  capable  and  successful  team  of  people  -  numbering  in  the  hundreds 
-  who  today  carry  on  the  tradition  of  professional  excellence  and  service  for  which 
he  stood. 
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INTRODUCTION 


In  response  to  the  kamikaze  threat  of  W  orld  War  11,  the  L'.S.  Navy’s  Bu¬ 
reau  of  Ordnance  requested  APL  to  conduct  research  and  development  in  all  phases 
of  guided  missilery  and  to  analyze  the  effectiveness  of  new  systems  in  an  appropriate 
environment.  The  Laboratory  did  so  with  the  assistance  of  a  group  of  associated 
contractors  having  expertise  in  various  areas  of  science  and  technology.  That  team 
developed  the  new  technology  and  resources  required  to  put  the  Terrier,  Talos, 
and  Tartar  surface-to-air  missiles  into  operational  service  and  advised  the  Navy 
on  doctrinal  matters.  The  Terrier  was  introduced  in  USS  Boston  in  1955;  that  event 
was  followed  by  the  introduction  of  Talos  on  USS  Galveston  in  1958.  Subsequently, 
Tartar  went  to  sea  on  USS  Adams  in  I960. 

In  succeeding  years,  APL  supported  the  Navy  with  an  aggressive  program 
to  give  the  Fleet  an  effective  defense  against  an  ever-increasing  threat.  That  pro¬ 
gram  has  produced  Standard  Missile  in  addition  to  Terrier,  Talos.  and  Tartar. 
In  time.  APL's  scope  of  activities  broadened  to  include  fire  control,  acquisition, 
and  surveillance  radar  systems.  Working  first  with  analog  and  then  with  digital 
electronic  computational  techniques,  the  Navy  produced  tactical  data  and  weap¬ 
on  systems  that  relieve  weapons  personnel  of  much  of  the  routine  associated  with 
a  fighting  ship  and  also  greatly  reduce  reaction  time.  APL  has  made  and  con¬ 
tinues  to  make  important  contributions  in  this  evolution.  In  addition,  the  Labo¬ 
ratory  has  brought  to  the  Navy  weapon  community  an  understanding  of  the 
potential  capabilities  of  the  emerging  w  orld  of  electronic  computation  and  auto¬ 
mation. 

In  its  effort  to  help  develop  the  basic  structure  of  shipboard  combat  sys¬ 
tems,  API  has  defined  the  functions  of  sensor,  command,  support,  and  weapon 
elements  for  those  very  complex  systems.  Such  consistency  in  basic  structure  has 
favored  technical  interchange  among  major  developments  in  which  APL  has  played 
a  role,  e  g.,  the  Aegis  Combat  System,  Terrier  and  Tartar  New  Threat  Upgrades, 
and,  most  recently,  the  new  multimission  DDti-51  Combat  System. 

In  keeping  with  these  trends,  API  's  current  emphasis  in  antiair  warfare 
is  to  enhance  the  effectiveness  of  a  battle  group  by  integrating,  at  the  battle  group 
level,  the  information  available  to  individual  ships  and  by  coordinating  the 
responses  ot  the  individual  ships,  fhc  Aegis  ship  plays  a  key  role  in  achieving  this 
obieetive  and  is  particularly  valuable  as  the  number  of  attackers  increases  and 
the  countermeasures  environment  worsens. 

In  addition  to  the  enhancement  of  battle  group  v  vvv  resources.  API  is 
sonductmg  naval  warlare  analysis  to  improve  the  coordination  of  ships,  aircraft, 
submarines,  and  sensors  including  satellites — an  activity  called  composite  warfare 
analysis.  (  omposite  warfare  is  the  combat  use  of  maritime  forces  in  the  principal 
areas  ol  antiair.  anfistrrlacc.  antisubmarine,  and  electronic  warfare  against  ene¬ 
my  systems  Intrinsic  to  composite  warfate  are  the  attributes  ol  fotce  coordina¬ 
tion  among  the  warlare  areas.  Coordination  includes  factors  ol  time  and  toicc 
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position  relationships,  communications,  combat  system  interlaces  and  interactions, 
tactics,  doctrine,  and  training.  By  means  of  coordination,  an  attempt  is  made  to 
achieve  battle  syneraism  amona  the  warfare  areas. 


As  a  result  of  the  surface  missile  experience,  the  Laboratory  was  able  to 
assist  the  Naval  Air  Systems  Command  with  its  upgrade  of  the  Sparrow  Missile 
to  the  AIM-7M  model,  the  Army  with  its  development  of  the  Improved  Hawk 
and  Patriot  systems,  and  the  Air  Force  in  its  current  development  of  AMRAAM. 


In  the  urea  of  strategic  missile  systems,  the  Laboratory  has  helped  develop 
and  conduct  an  independent  evaluation  program  for  the  Navy’s  Fleet  Ballistic  Mis¬ 
sile  (I  BM)  Weapon  System.  The  program  requires  continuing  technical  and  oper¬ 
ational  testing  throughout  the  operational  lives  of  various  models  of  the  weapon 
system,  i.e.,  Polaris,  Poseidon,  and  Trident  I.  It  also  includes  the  future  Trident 
11.  For  those  systems,  API.  derives  quantified  estimates  of  performance  under 
operational  conditions,  identifies  sources  of  system  inaccuracy  and  unreliability 
for  corrective  action  or  future  improvement,  and  assesses  weapon  system  readi¬ 
ness  to r  operational  deployment. 


In  the  mid-1960's,  in  response  to  an  Army  request,  the  Laboratory  expanded 
its  strategic  evaluation  effort  to  include  the  Pershing  Weapon  System  and  its  stra¬ 
tegic  role  in  Europe.  The  program  uses  the  evaluation  techniques  developed  for 
the  Navy’s  FBM  Weapon  System.  It  continues  today  and  relies  on  data  collected 
and  analyzed  from  test  exercises  at  “alert”  sites  in  Europe  as  well  as  from  Opera¬ 
tional  Tests  conducted  in  the  United  States. 


In  addition  to  its  testing  and  evaluation  of  antiair-warfare  and  ballistic  mis¬ 
sile  systems,  API  has  participated  in  the  conception,  development,  and  testing 
of  cruise  missile  projects.  Much  of  the  early  work  was  associated  with  Harpoon, 
an  antiship  missile  developed  by  the  Navy  in  response  to  the  1967  sinking  of  an 
Israeli  destroyer  by  antiship  missiles.  The  API.  effort  for  the  Tomahawk  missile 
has  recently  been  expanded  to  cover  a  broad  range  of  technical  topics  and  to  in¬ 
clude  an  active  role  in  program  management.  API  continues  to  support  both  the 
Harpoon  and  Tomahawk  programs. 


In  recent  years,  the  1  aboratory’s  contributions  to  command,  control,  and 
communications  ((  ')  have  been  increasing.  From  an  initial  task  to  assess  the  ef¬ 
fectiveness  of  communications  with  strategic  missile  submarines,  the  effort  has 
grown  to  include  participation  in  a  broad  assessment  of  Navy  C1  capabilities  and 
technical  planning  for  future  systems. 


Although  the  selection  has  been  limited  by  security  requirements,  the  fol¬ 
lowing  summaries  of  current  tasks  illustrate  the  diversity  of  API.  tasking  in  weapon 
systems  develop. .lent.  The  tasks  range  from  technical  development  and  operations 
analysis  at  the  battle  group  level  to  the  development  of  theory  and  the  conduct 
of  tests  applicable  to  small  subsystems. 
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BATTLE  GROUP  ANTIAIR  WARFARE  COORDINATION 

C.  (’.  Phillips  and  K.  I .  I.und> 


14 


The  fia tile  Group  Antiair  Warfare  Coordination 
Program  has  evolved  as  a  battle  group  systems  engi- 
neering  program  at  API.  under  the  direction  of  the 
Aegis  Shipbuilding  Project  Manager,  PMS-400.  Its  ob¬ 
jective  has  been  to  improve  the  effectiveness  of  antiair 
warfare  by  building  on  the  capabilities  of  Aegis  and 
other  fleet  combat  systems  to  provide  improved  wea¬ 
pons  coordination.  Many  studies  conducted  throughout 
the  1970  s  had  identified  major  benefits  to  battle  groups 
that  could  act  as  a  single,  closely  integrated  force.  With 
such  a  force,  it  is  possible  to  acquire  data  from  a  wide 
variety  of  force  sensors  and  to  integrate  the  data  to 
torm  a  unified  coherent  air  picture  from  which  coordi¬ 
nated  responses  to  battle  group  threats  could  he 
developed. 


DISCISSION 

The  Baltic  Group  Amiair  Warfare  Coordination 
(BGAAWC)  Program  is  a  very  broad  application  of  the 
combat  system  disciplines  that  have  been  built  up  in 
lerrier,  Tartar.  Standard  Missile,  and  Aegis.  The  sig¬ 
nificant  distinction  is  that  BGAAWC  engineering  is  at 
the  battle  group  level.  The  BGAAWC  system  is  distri¬ 
buted  over  a  wide  variety  of  surface  and  air  combatants 
with  considerably  different  capabilities  in  terms  of 
mobility,  weapons,  reaction  times,  and  automation. 
The  system  configuration  consequently  is  required  to 
accommodate  a  large,  indefinite  number  of  variants  be¬ 
cause  any  change  in  the  battle  group  represents  a  con¬ 
figuration  change  in  the  battle  group’s  system  for  con¬ 
ducting  warfare. 

The  BGAAWC  plan  envisions  the  use  of  a  cen¬ 
tral  command  system  aboard  an  Aegis  cruiser  to  sup¬ 
port  the  needs  of  the  AAW  Commander.  The  system 
provides  the  computers,  displays,  and  decision  aids  for 
an  orderly  conduct  of  coordinated  AAW,  The  plan 
further  provides  the  basis  in  other  ships  and  aircraft  for 
detecting,  tracking,  and  transferring  accurate  fire  con¬ 
trol  data  across  standard  Navy  links  to  support  coordi¬ 
nated  engagements. 

flic  upgrading  requires  modifications  to  antiair 
warfare  combatants  in  order  to  facilitate  coordinated 
data  exchange  and  weapons  use.  The  principal  func¬ 
tional  requirements  to  be  met  in  a  Meet  modification 
upgrade  effort  are  listed  in  Table  1.  Specific  coordina¬ 
tion  capabilities  to  be  achieved  include  the  following: 

I .  The  ability  to  convey  a  complete  and  reliable 
air  picture  within  the  battle  group.  Kadar 


Table  1  —  Functional  requirements  for  a  BGAAWC 
system. 


Control  l  nit 

Aegis  Combat  System 

Build  battle  group  track  data  base 
Share  Aegis  tracks  with  battle  group 

Amiair  Warfare  Command  support 
Display  amiair  warfare  situation 
Assimilate  extra-force  data 

Promulgate  amiair  warfare  doctrine  and  operations 
Control  amiair  warfare  engagements 

Participating  l  nits 

Gridlock  to  Aegis 
Respond  to  force  doctrine 
Accept  engagement  orders 
Report  engagement  status 

Data  Links 

Connect  all  units  in  all  environments 
Transmit  tracks,  status,  doctrine,  and  commands 


data  from  Aegis  ships  will  be  usable  on  other 
combatants  for  all  the  normal  internal  decis¬ 
ion-making  processes. 

2.  The  ability  of  the  AAW  Commander  to  des¬ 
ignate  targets  to  other  ships  and  aircraft  in 
the  battle  group. 

3.  The  ability  to  designate  a  target  directly  to 
the  fire  control  and  launching  systems  of  a 
remote  ship  or  aircraft. 

4.  The  ability  to  designate  -  ixsile  launch 
from  a  remote  ship  using  guidance  and/or  il¬ 
lumination  supplied  by  another  ship  or  air¬ 
craft. 

Early  engineering  efforts  within  the  BGAAWC 
Program  identified  a  number  of  deficiencies  in  current 
systems  that  had  to  be  resolved.  Those  efforts  resulted 
in  the  identification  of  near-term  (Phase  I)  and  long¬ 
term  (Phase  III)  objectives  and  resulted  in  a  phased  de¬ 
velopment  plan  (Tig.  1)  that  provides  the  basis  for  im¬ 
proved  weapons  coordination  in  the  near  term  by 
means  of  new  displays  for  the  AAWC  in  the  Aegis 
cruisers  and  by  the  resolution  of  long-standing  informa¬ 
tion  exchange  problems  such  as  gridlock,*  automatic 

‘Gridlock  is  the  process  ol  accurately  registering  remote  data 
into  a  ship’s  own  coordinate  system.  It  leinoves  or  mini¬ 
mizes  navigation  r octal  alignment  errors  and  translates  data 
dittei cnees  between  coordinate  leleicnce  systems. 


Phase  I.  near  term  —  Coordination  by  information  exchange 


Phase  II,  mid  term  -  Coordination  by  direction 


Phase  III,  future  Advanced  weapon  employment 


Figure  1  —  The  three-phase  development  plan  for  the 
BGAAWC  Program  provides  for  systematic  growth  in  ca¬ 
pabilities.  The  near-term  goal  is  the  improvement  of 
command  capabilities  by  aiding  information  exchange. 
Longer-range  goals  are  improved  data  links  and  more 
sophisticated  coordination  techniques  for  future  weap¬ 
onry. 

local-to-remotc  track  correlation,  and  improvements  in 
automatic  detection  and  tracking  systems.  (Two  of 
these  efforts  are  reported  in  companion  articles.)  All  of 
these  problems  will  be  resolved  by  1985  or  1986. 

Phase  II,  scheduled  for  the  late  1980’s,  will  deal 
more  specifically  with  the  AAW  weapons  coordination 
command  problem.  It  will  provide  additional  display 
and  decision  aids  within  Aegis  cruisers  and  better  infor¬ 
mation  flow  among  combatant  units.  Many  routine 
decisions  by  the  AAW  Commander  will  be  automated 
under  the  concepts  of  doctrine  management  algorithms 
within  the  computer  complex  that  drive  the  AAWC  dis¬ 
play  system  (in  the  Aegis  cruiser).  The  integration  of 
new  tactical  data  links  (JTIDS  and  OTOXS^)  will  pro¬ 
vide  the  improved  command  capabilities. 

1 1  IDS,  m  its  current  definition,  is  a  data  link  that  provides 
substantial  improvements  in  performance  and  data  capacity 
over  existing  links.  It  is  intended  to  augment  the  current 
Naval  faetieal  Data  System  links.  OTCIXS  is  the  satellite 
communication  link  that  serves  the  needs  of  the  Officer  in 
I  actieal  (  ommand. 


Phase  III  deals  with  specifics  of  advanced  weap¬ 
on  employment  and  will  resolve  the  details  of  the  en¬ 
gagement  problem  for  (a)  very-long-range  intercepts 
using  the  techniques  of  “forward  pass”  of  surface- 
launched  weapons  to  targeting  aircraft,  (b)  the  remote 
launch  of  weapons  from  launchers  other  than  the  Aegis 
ship,  and  (c)  control  of  the  SM-2(N)  weapon  in  con¬ 
junction  with  other  surface  and  aircraft-launched 
weapons. 

SUMMARY 

The  BGAAW'C  Program  grew  out  of  the  effort 
to  apply  the  automated  weapon  concepts  in  Aegis  to  the 
coordination  of  antiair  warfare  in  battle  groups.  The 
advanced  capabilites  of  Aegis  combat  and  command 
control  systems  make  it  readily  applicable  to  this  en¬ 
deavor.  Coordinating  antiair  warfare  involves  numer¬ 
ous  challenges,  including 

1.  Enhancing  the  ability  of  all  ships  and  air¬ 
craft  in  a  BGAAWC  system  to  gridlock,  cor¬ 
relate,  and  accept  tactical  direction; 

2.  Improving  communications  to  maintain  es¬ 
sential  connectivity  despite  countermea¬ 
sures; 

3.  Supporting  the  AAW'  Commander  by  means 
of  command  displays  and  decision  aids; 

4.  Defining  procedures  and  tactics  to  carry  out 
the  assigned  mission  of  the  battle  group  suc¬ 
cessfully. 

The  AAWC  problem  transcends  the  scope  of 
Aegis  alone.  Consideration  must  be  given  to  the  inter¬ 
actions  of  other  new  AAW'  capabilities,  such  as  the 
AN/SPS-48E  radar,  which  is  part  of  the  Terrier 
New  Threat  Upgrade  Program.  Consequently,  the 
BGAAWC  program  is  developing  into  a  broad-based 
Fleet  modernization  program  that  provides  the  requisite 
command  support,  intercommunications,  and  interop¬ 
erability  of  ships  and  aircraft  for  the  most  effective  em¬ 
ployment  of  the  Fleet's  modern  radars  and  weapons. 


I  hi''  work  was  supported  by  NAVSI-  ASYSC  <  )\1,  l'MN-400. 


THE  TACTICAL  ELECTRONIC  WARFARE 
SUPPORT  CENTER 

(i.  S.  Uealy 


The  Tactical  Electronic  Warfare  Support  Cen¬ 
ter,  a  computer-based  capability,  has  been  developed  by 
APL  to  produce  tactical  documents  for  the  Air  Warfare 
Program  at  the  Laboratory.  Data  bases  for  tactical  air¬ 
craft  of  the  Navy  (EA-6B,  E-2C,  F-I4)  and  Air  Force 
(EF-lllA)  are  implemented  and  maintained  with  pri¬ 
mary  emphasis  on  electronic  warfare  as  it  relates  to 
those  systems.  In  addition  to  that  use,  the  facility  is 
used  to  integrate  threat  intelligence  and  tactical  elec¬ 
tronic  warfare  data  for  the  production  of  EA-6B  and 
EF-IIIA  electronic  warfare  tactics  guides.  Specialized 
software  has  been  developed  to  perform  (a)  the  inte¬ 
gration  of  mission  threat  data  and  electronic  warfare 
tactics,  ( b )  data  base  management,  and  (c)  the  user- 
defined  formatting  of  tactics  guide  outputs.  The  soft¬ 
ware  is  currently  being  expanded  to  provide  the  data 
manipulation  and  processing  required  to  make  the 
threat  data  base  interface  compatible  with  the  Navy’s 
Tactical  EA  -6B  Mission  Support  System. 


BACKGROUND 

The  Laboratory  has  been  involved  in  the  devel¬ 
opment  of  electronic  warfare  (EW)  tactics  for  18 
years  -  originally  through  Project  F/O  210  and,  more 
recently,  through  a  number  of  different  projects  in  the 
Air  Warfare  Program.  Those  projects  contribute  to  the 
development,  test,  and  evaluation  of  operational  tactics 
for  Navy  tactical  aircraft  and  airborne  EW  equipment, 
including  the  EA-6B,  E-2C,  and  F-14  systems.  Since 
1981,  the  program  has  also  included  similar  efforts  for 
the  Air  Force’s  EF-1 1 1 A  Tactical  Jamming  System. 

A  Tactical  Electronic  Warfare  Support  Center 
(TEWSC)  was  developed  to  provide  a  capability  dedi¬ 
cated  to  specific  projects  of  the  Air  Warfare  Program. 
It  was  recognized  that  a  computer-based  system  was 
needed  for  data  base  maintenance,  storage,  and  retriev¬ 
al  because  of  the  dynamics  and  growth  of  the  threat  in 
recent  years.  The  expanding  data  bases  must  be  main¬ 
tained  with  the  highest  standards  of  quality  control 
while  minimizing  manpower  costs.  The  Support  Center 
facility  has  been  certified  by  the  Defense  Investigative 
Service  for  the  processing  of  classified  material  that  has 
restricted  access. 


DISCUSSION 
The  TEWSC  Facility 

The  TEWSC  is  built  around  a  Wang  2200  com¬ 
puter  system.  It  is  dedicated  to  supporting  EW-related 
projects  of  APL’s  Air  Warfare  Program.  Figure  1  is  a 
schematic  of  the  facility.  Table  1  lists  various  input/ 
output  software  functions  and  the  associated  hardware. 
The  Wang  operating  system  uses  the  BASIC  computer 
language,  which  is  easy  for  both  professional  and  non¬ 
professional  programmers  to  use  and  has  sufficient 
flexibility  and  speed  to  support  advanced  software 
requirements. 

The  original  system  had  a  32K  byte  random-ac¬ 
cess-memory  central  processing  unit  (CPU),  a  display/ 
keyboard,  a  line  printer,  a  daisy  wheel  report  printer, 
and  a  triple  floppy  disk  drive.  It  has  been  upgraded  to 
include  a  flatbed  plotter/digitizer,  an  additional  32K 
byte  random  access  memory  for  the  CPU,  high-speed 
hard-disk  storage,  and  a  nine-track  tape  unit. 

Operational  Support  for  EW  Tactics 

The  principal  users  of  the  TEWSC  are  the  EA- 
6B  and  EF-I11A  tactical  employment  projects,  which 
require  that  related  mission  threat  data  and  optimum 
EW  tactics  data  be  maintained  in  order  to  produce 
guides  for  the  EA-6B  and  EF-lllA  Tactical  Jamming 
Systems.  Specialized  software  developed  at  the  Labora¬ 
tory  for  data  base  management  is  used  to  maintain  and 
manipulate  the  threat  and  tactics  data.  The  EA-6B 
OPTEVEOR  Tactics  Guide  and  the  EF-lllA  Employ¬ 
ment  Guide  provide  the  data  directly  to  Navy  and  Air 
Force  users.  Also,  a  nine-track  data  tape  is  generated 
for  use  by  Marine  Corps  EA-6B  squadrons  in  mission 
planning. 

The  purpose  of  the  tactics  guides  is  to  provide 
the  mission  planners  with  a  single  source  of  data  on 
mission  threats,  optimized  EW'  tactics,  and  tactical  jam¬ 
ming  system  effectiveness.  The  documents  are  specifi¬ 
cally  designed  to  support  and  be  compatible  with  the 
operational  capabilities  of  the  aircraft.  The  information 
in  the  guides  is  obtained  by  evaluating  data  received 
from  a  wide  variety  of  sources.  As  new  data  become 
available,  the  APL  analysts  evaluate  the  significance  of 
any  changes,  including  their  effect  on  EA-6B  or  EF- 
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Daisy  wheel 
printer/plotter 
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Figure  1  —  The  physical  layout  of  the  Tactical  Electron¬ 
ic  Warfare  Support  Center. 


1 1 1 A  mission  effectiveness  and  survivability.  The  Sup¬ 
port  Center  enables  the  rapid  generation  of  hard-copy 
or  magnetic-tape  updates  and,  if  the  new  information 
warrants  it,  an  immediate  response  in  support  of  the 
EA-6B  or  EF-1 1 1 A  user. 

In  addition  to  those  capabilities,  software  has 
been  developed  that  allows  the  merged  mission  threat, 
tactics,  and  effectiveness  data  to  be  printed  on  an  off¬ 
line  laser  printer,  via  nine-track  magnetic  tape.  Because 
the  laser  printing  capability  provides  an  approximate 
hundredfold  increase  in  speed  over  that  of  the  TEW'SC 
Wang  daisy  wheel  printer,  significant  cost  savings  in 
manpower  are  realized. 

A  recent  demand  upon  the  Support  C'enter  is  to 
provide  data  base  support  for  the  EA-6B  ICAP  II  air¬ 
craft,  which  will  be  deployed  soon.  This  version  of  the 
EA-6B  provides  significant  increases  in  overall  jam¬ 
ming  system  capabilities,  with  attendant  greater  sophis¬ 
tication  of  on-board  system  software.  The  compatible 
Wang  software  development  effort,  which  is  nearly 


complete,  will  generate  the  required  ICAP  II  data 
tape. 


Klectronic  C  ountermeasures  Analysis 

Software  has  been  developed  to  evaluate  the  rel¬ 
ative  effectiveness  of  random  pulse  jamming  and  noise 
jamming.  It  is  used  to  calculate  the  ratio  of  peak  signal 
to  mean  noise  power  that  is  required  for  detection  by 
the  radar  receiver,  as  a  function  of  jamming  parame¬ 
ters.  It  can  be  used,  for  example,  when  evaluating  U.S. 
systems  to  optimize  a  jamming  response  for  two  differ¬ 
ent  types  of  radars  that  could  be  jammed  with  a  single 
modulation  because  of  their  overlapping  frequency 
ranges. 

The  TEWSC  also  has  been  used  extensively  to 
analyze  the  capabilities  and  limitations  of  the  E-2C  and 
F-14  aircraft  in  multiple-jamming-platform  environ¬ 
ments.  The  1-14  analysis  uses  a  dynamic  simulation,  in- 


Table  1  —  Input/output  functionsot  TEWSC  hardware. 


Hardware 

Input  function 

Output  function 

C  R  I  dispiav  and 

TEWSC  software* 

keyboard 

Mission  threat 
data**! 

Jamming  modula¬ 
tions  and  com¬ 
puter  lists*! 

fcC’M  analysis  in¬ 
puts* 

Modulation  analy- 
ms  inputs*'! 

Mams 

Software  niaime- 

primer 

nance  listings* 
Mission  threat 
data  maintenance 
listings*} 

Modulation  analy¬ 
sis  output 

ECM  analysis  out¬ 
put 

Daisv  wheel 

EA-6B  and  El  - 

primer 

1 11 A  Tactics 
Guide  repro*} 
E.A-6B  TACAIl) 
repro- 

1  riple  floppy 

Mission  threat 

Elect  compatible 

disk  drive 

data*} 

Externally  gener¬ 
ated  software* 

CPU  operating 
system* 

software**  * 

Plotter 

Radar  and  |am- 

digitizer 

mer  patterns* 

ECM  analysis 
graphics*  *5 

Nine-track 

b  A -6 B  and  1:1- 

Marines  E.A-6B 

tape 

IIIA  mission 

data  tape* 

threat  data+f 

t  A-6B  It:  AMS 
threat  libraries1  * 
Source  tape  loi 
laser  printer* J 

Hard-disk  drive 

l  A-6B  and  1 1 

1 1 1 A  mission 
threat  data  ev 
change* ! 

eluding  up  io  four  F-14  aircraft,  against  up  to  30  hostile 
jamming  platforms. 

FUTURE  DEVELOPMENTS 

The  TEWSC  facility’s  hardware  and  software 
will  be  upgraded  continually  as  appropriate  to  meet  the 
changing  Air  Warfare  Program  requirements.  Exten¬ 
sive  software  development  tasks  eventually  will  provide 
better  routines  for  processing  the  EA-6B  and  EF-1 1 1A 
mission  threat  data  and  will  provide  output  in  virtually 
any  user-defined  format.  Also,  it  is  anticipated  that  the 
Support  Center  will  be  expanded  within  the  next  few 
years  to  include  a  Tactical  EA-6B  Mission  Support  Sys¬ 
tem  (TEAMS).  The  Texas  Instruments  Tl/990  com¬ 
puter,  100M  byte  hard-disk  storage,  magnetic  tape  in¬ 
terfaces.  and  multiple  color  graphics  features  for 
TEAMS  will  represent  a  significant  improv  ement  in 
TEWSC  capabilities  and  will  allow  the  Laboratory  to 
continue  its  leadership  in  the  development  of  EW 
tactics. 
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SKMIC'OHKRKNT  PROCESSING  -  A  UNIQUE  MKTHOI) 
OK  PROCESSING  RADAR  DOPPLER  DATA 


K.  f  .  I  hurber 


.1  method  oj  processini:  radar  data  coherently  by 
samphnv  and  diutli'mu  the  radar  II  at  the  information 
bandwidth  has  been  demonstrated.  Hus  technique  sim¬ 
plifies  the  hardware  required  for  Doppler  processing  of 
radar  dam.  An  experimental  system  was  constructed 
and  evaluated  m  a  live  radar  environment. 


BAC  M.ROIM) 

Doppler  processing  has  been  applied  e\iensi\el> 
in  shipboard,  land  based,  and  airborne  radars  for  two 
main  purposes: 

1  Improvement  in  signal-to-chitter  ratios  tor 
detection  and  position  estimation  processes, 

2.  Eislimaiion  of  target  radial  velocity. 

I  or  radars  with  fully  coherent  exciter  and  transmitter 
stapes,  digital  Doppler  processing  is  t s pically  achieved 
through  quadrature-phase  detection,  analog-to-digital 
(A  D)  conversion,  and  vector  processing.  However,  the 
implementation  of  Doppler  processing  in  radars  using  a 
noncoherent  transmitter  (such  as  a  magnetron)  is  more 
complex  because  the  pulsed  oscillator  transmitter  pro¬ 
duces  a  random  phase  on  each  pulse.  This  fact  has 
limited  the  application  of  Doppler  techniques  in  several 
important  classes  of  radars,  including  shipboard  sur¬ 
face  surveillance,  coastal  surveillance,  and  ship  col¬ 
lision-avoidance  systems.  By  means  ol  the  latest  ad¬ 
vances  in  high  speed  conversion  and  digital  timing  cir¬ 
cuits,  a  simpler  way  to  extract  Doppler  data  from  non¬ 
coherent  systems  has  been  devised,  making  Doppler 
processing  tor  these  sy  stems  more  cost  effective. 


I)IS(  l  SSION 

I  he  Semicoherenl  I  ec hnique 

Doppler  processing  ol  radar  data  is  accom¬ 
plished  bv  tillering  the  data  tor  several  consecutive 
ttansmissions  to  enhance  the  tange  samples  that  exhibit 
a  phase  change  caused  bv  the  Dopplci  cited  ot  a 
moving  target  I  he  amplitude  and  phase  ol  a  given 
range  cell  must  be  measured  prcci'clv  lor  several  radar 
transmissions,  which  implies  that  the  exact  amplitude 
and  phase  ol  the  transmuted  energy  pulse  are  known 
Ibis  is  not  the  case  tor  radars  that  use  a  pulsed  Inch 
power  oscillator  as  a  transmitter  I  he  amplitude  is  well 


controlled,  but  the  phase  of  the  transmitted  signal  is 
random  from  transmission  to  transmission. 

In  the  past,  Doppler  processing  lor  these  types  of 
radars  used  a  device  called  a  coherent  oscillator 
(COHO),  a  stable  oscillator  at  the  radar  II  that  is 
phased  locked  to  the  transmitted  signal  every  trans¬ 
mission  (see  I  ig.  I ).  The  COHO  output  is  used  to  trans¬ 
late  the  II  return  signal  to  in-phase  and  quadrature  base 
band  signals  where  they  are  amplified  and  converted  to 
digital  words  for  filtering  by  the  moving  target  in¬ 
dicator  (M  i  l)  filter.  The  performance  of  the  system  is 
limited  by  the  stability  and  balance  of  the  COHO  and 
the  quadrature  video  processing  and  conversion 
circuits.  In  order  to  obtain  adequate  data  to  separate 
true  moving  targets  from  clutter,  these  circuits  neces¬ 
sarily  are  complex  and  costly . 

By  using  recent  signal  processing  component 
technology  ,  the  need  for  a  COHO  and  quadrature  video 
processing  circuits  can  be  eliminated.  (See  the  technique 
illustrated  in  the  lower  portion  of  big.  1.)  Sample  and 
hold  circuits  with  extremely  small  aperture  times  (  <  30 
ps)  and  high  speed  (  >30  MH/I  A  D  converters  make  it 
possible  to  sample  the  return  signals  at  the  radar  I)  and 
convert  them  to  digital  words  lor  filtering  without 
going  through  the  quadrature  video  processing  step. 
Ihe  quadrature  data  for  each  range  sample  are  de¬ 
veloped  by  taking  two  samples  of  the  II  time  spaced  by 
90  electrical  degrees  of  the  II  .  I  he  samples  are  taken  for 
every  range  resolution  cell.  i.e..  at  the  system  infor¬ 
mation  bandwidth. 

lo  establish  coherence,  the  sample  clocks  must 
be  phase  locked  precisely  lo  the  transmitted  signal  by 
means  of  very -high-speed  emitter-coupled  logic  circuits 
to  form  a  control  loop  to  phase  lock  a  stable  oscillator 
to  a  sample  ol  the  transmitted  pulse.  1  ocking  accura¬ 
cies  of  better  than  100  ps  are  achieved.  Ihe  in-phase 
and  quadrature  digital  samples  thus  derived  are  put 
directly  into  the  M  M  filter  for  Dopplci  processing.  1  Ins 
technique  has  eliminated  all  coherent  II  and  quadrature 
video  processing  and  has  replaced  it  with  one  high¬ 
speed  conversion  device  and  a  precision  phase  locked 
clock.  1  wo  channel  stability  requirements  lor  keeping 
t he  system  balanced  are  completely  eliminated. 

Performance  Considerations 

I  lie  performance  of  am  Doppler  processing  sys¬ 
tem  is  limited  bv  the  accuracy  to  which  the  amplitude 
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Figure  1  —  Doppler  processing  techniques  that  were  used  to  process  data  coherently 
from  a  radar  with  a  noncoherent  transmitter. 


and  phase  of  the  data  are  measured.  The  accuracy  de¬ 
termines  to  what  extent  the  clutter  signals  can  be  sepa¬ 
rated  from  targets  containing  Doppler  signals,  and  this 
can  be  expressed  as  decibels  of  clutter  attenuation. 

The  semicoherent  processing  technique  is  limited 
by  the  accuracy  with  which  the  sample  clock  is  phase 
locked  to  the  transmitted  signal  and  by  (he  time  jitter 
between  the  nonsimultaneous  in-phase  and  quadrature 
samples.  This  is  in  addition  to  the  quantization  accura¬ 
cy  and  amplitude  stability  of  the  system  plus  environ¬ 
mental  effects,  all  of  which  are  common  to  every  Dopp¬ 
ler  processor.  Tor  typical  radar  receiver  parameters,  the 
accuracy  obtained  from  the  sampling  and  clock  circuits 
permits  clutter  attenuation  in  excess  of  50  dU.  This  was 
the  design  goal  of  the  system  and  is  not  an  inherent  limi¬ 
tation  of  the  technique. 

Experimental  Evaluation 

A  signal  processing  unit  that  contained  the  quad¬ 
rature  time  phase  direct  11  sampling  circuits  was  de¬ 
signed  and  constructed.  The  unit  took  the  radar  It  and 
a  reference  for  locking  the  sampling  timing  and  pro¬ 
duced  in-phase  and  quadrature  digital  data  for  every  ra¬ 
dar  resolution  cell.  In  order  to  analyze  these  data,  a  re¬ 
cording  interface  was  built  into  the  processor.  Because 
there  are  several  million  data  samples  every  radar  scan, 
the  data  volume  was  limited  for  recording  by  setting  up 
a  window  tor  data  collection  that  could  be  placed 
around  returns  ot  interest  (targets,  land,  sea,  etc  ). 


The  unit,  a  Coherent  Radar  Digital  Data  Collec¬ 
tor  (CRDDC),  was  used  to  record  data  from  an  L-band 
two-dimensional  surveillance  radar  located  on  the  coast 
of  California.  The  data  collection  effort  verified  the 
performance  of  the  CRDDC  and  provided  a  base  of  co¬ 
herent  radar  data  for  analysis.  Figure  2  shows  the  in¬ 
strumentation  used  to  collect  data  with  the  CRDDC. 
The  region  over  which  data  were  to  be  recorded  was 
chosen  by  v  iewing  the  movable  sector  on  the  plan  posi¬ 
tion  indicator  display.  The  size  and  location  of  the  win¬ 
dow  were  selected  by  front  panel  switches  on  the 
CRDDC. 

In  order  to  verify  the  coherence  and  obtain  a 
measure  of  the  coherent  processing  gain,  the  data  col- 


Figure  2  —  Instrumentation  used  to  collect  data  with 
the  Coherent  Radar  Digital  Data  Collector 


levied  «cie  spectrum  analy/ed  with  a  fast  I  ourier  trans- 
lorm  (III)  algorithm.  \  =  2  poults  were  used  in 
bearing  al  the  same  ranee  eell  in  the  IT  I  processing, 
and  successive  II  I ’s  jumped  b>  \2  points  to  allow 
50" i>  overlap.  Ibis  I  I  I  processing  wa'  perlornted  at 
eaeli  ranee  eell  within  the  limit-,  defined  he  the  record¬ 
ing  window.  I  or  the  given  radar  parameter-.,  a  32-point 
I  I  I  < i . e . ,  \  =  12, /n  -  5)  was  appropriate  li  yielded  a 
Doppler  resolution  of  approximately  6.?  kt  with  ambi¬ 
guities  separated  by  205  kt  Hamming  weighting  was 
used  so  that  I  I  I  tiller  sidelobes  are  down  by  about  45 
dB  from  the  peak  value. 

f  igure  5  illustrates  data  collected  on  an  an  era!  t 
target.  I  his  plot  is  the  Doppler  filter  power  response  for 


Doppler  filter  number 


Figure  3  —  FFT  output  ot  data  collected  on  a  235-kt  air 
craft  target  using  if  sampled  data  from  a  noncoherent 
radar. 


a  given  range  cell  for  eight  successive  32-point  trans¬ 
forms  as  the  radar  scanned  past  the  target.  Also  ana¬ 
lyzed  were  data  Irom  ship  and  helicopter  targets  and  sea 
and  land  clutter. 

COM'l.l  SIONS 

A  way  to  extract  Doppler  data  by  directly  sam¬ 
pling  the  radar  it  signal  has  been  demonstrated.  The 
technique  allows  a  simpler  hardware  implementation  of 
Doppler  processing  for  noncoherent  radars  than  has 
been  possible  in  the  past.  Although  there  are  perfor¬ 
mance  limitations  because  of  hardware  accuracies,  the 
method  is  adequate  to  meet  many  radar  processing  re¬ 
quirements. 
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SIMULATION  OF  THF  VERTICAL  LAUNCH  OF 
TOMAHAWK  FROM  THE  SSN  688  CLASS  SUBMARINE 


J.  S.  O'Connor 


.1  (initial  computer  code  (STLP/688)  has  been 
written  to  simulate  the  nonlinear  dynamics  o  f  an  under¬ 
water,  vertical  launch  of  a  Tomahawk  cruise  missile 
from  the  .S.S.Y  688  capsule  launch  system  (CLS).  The 
simulation  is  an  engineering  tool  for  use  in  the  design 
phase  for  evaluating  gas  generator  designs  against  the 
performance  requirements  of  the  SS.\  688  CLS  vertical 
launch  system.  The  simulation  uses  the  predicted  pres¬ 
sure/  time  history  of  the  gas  generator,  the  thermody¬ 
namic  characteristics  of  the  combustion  products,  and 
the  geometry  of  the  Tomahawk  and  CLS  to  calculate 
acceleration,  velocity,  and  displacement  histories  of  the 
missile  and  the  pressure  and  temperature  histones  of 
the  ejection  chamber.  The  simulation  has  been  verified 
by  comparison  with  test  data  and  has  been  used  to  pre¬ 
dict  the  performance  of  the  recently  redesigned  Toma¬ 
hawk  Phase  1C  gas  generator. 


BAC  KUROl  Nl> 

The  Tomahawk  missile  is  ejected  vertically  from 
the  688  class  submarine  by  means  of  a  gas  generator 
contained  within  the  capsule  launch  system  (CLS). 
F'ressure  resulting  from  the  combustion  in  the  gas  gen¬ 
erator  forces  the  missile  out  of  the  CLS.  A  set  of  six 
ring  seals  in  the  CLS  maintains  the  pressure  behind  the 
missile  (Fig.  I).  As  the  missile  clears  the  sixth  and  final 
seal,  the  hot  pressurized  gas  in  the  CLS  chamber  is  re¬ 
leased  inside  the  submarine  fairing.  To  protect  the  fair¬ 
ing  covering  the  hull  of  the  submarine,  NAVSEA  has 
specified  that  the  pressure  at  the  muzzle  of  the  CLS  at 
the  time  of  missile  exit  should  not  be  more  than  40  psi 
above  the  ocean  ambient  pressure.  Also,  to  ensure  the 
stability  of  the  Tomahawk  missile.  General  Dynam- 
ics/Convair  states  that  the  muzzle  pressure  of  the  CLS 
should  not  be  less  than  ocean  ambient  pressure.  The 
contractor  also  stipulates  that  the  velocity  of  the  missile 
at  tube  exit  should  stay  between  40  and  100  ft/s. 

I  he  conditions  in  the  ejection  chamber  at  the 
time  of  missile  exit  are  nonlinear  functions  of  launch 
depth,  missile  weight,  friction  between  the  missile  and 
the  CLS,  and  the  rate  at  which  the  gas  generator  sup¬ 
plies  energy  to  the  ejection  chamber.  The  simulation 
uves  the  predicted  pressure-time  history  of  the  gas  gen¬ 
erator.  the  thermodynamic  characteristics  of  the  com 
bustion  products,  and  the  geometry  ot  the  Tomahawk 
and  (IS  to  calculate  longitudinal  acceleration, 
velocity,  and  displacement  histories  ol  the  missile  and 
the  pressure  and  temperature  histories  ot  the  ejection 
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Figure  1  —  The  Tomahawk  capsule  launch  system. 


chamber.  Because  the  equations  are  nonlinear,  they 
cannot  be  solved  in  closed  form.  To  obtain  a  solution,  it 
is  necessary  to  assume  that  the  nonlinear  variables 
remain  linear  over  a  short  period  of  time,  Ar  (usually 
0.001  s),  and  to  solve  the  equations  for  each  Af  during 
the  entire  launch. 


DISCUSSION 

A  CLS  gas  generator  is  a  device  with  a  character¬ 
istic  mass  How  history  that  is  essentially  independent  of 
launch  depth.  The  hot  gas  always  flows  into  the  ejection 
chamber  the  same  way,  regardless  of  other  launch  pa¬ 
rameters.  Some  of  the  energy  from  the  hot  gas  heats  the 
walls  and  contents  of  the  ejection  chamber,  some  does 
work  (in  the  thermodynamic  sense)  by  lifting  the  missile 
against  the  forces  restraining  it,  and  the  remainder 
increases  the  internal  energy  (temperature  and  pressure) 
of  the  gas  already  in  the  chamber.  The  hydrostatic  force 
of  the  ocean  tending  to  retard  forward  motion  of  the 
missile  is  the  largest  of  the  component  forces  used  to 
calculate  the  thermodynamic  work;  that  component  can 
vary  by  a  factor  of  3  between  shallow  and  deep 
launches.  This  fact  leads  to  a  wide  range  of  tempera¬ 
tures  and  pressures  in  the  launch  chamber  for  launches 
conducted  at  different  depths  but  otherwise  identical. 

The  thermodynamic  theory  used  in  the 
STEP/688  code  assumes  isentropic  flow  from  the  gas 
generator  and  ideal  gas  behavior  in  the  CLS  ejection 
chamber.1  The  energy  entering  the  chamber,  the  work 
performed  by  the  gas  in  the  chamber,  and  the  heat  lost 
between  times  /  and  t, .  ,  are  calculated  using  values  for 
chamber  pressure,  temperature,  and  volume  and  for 
missile  acceleration,  velocity,  and  displacement  at  (,. 
The  result  is  the  change  in  internal  energy  between  t, 
and  t  . ,  that  is  used  to  calculate  the  new  chamber 
temperature,  T,.t.  Using  the  ideal  gas  law,  the 
pressure,  P  , ,  is  calculated.  The  ejection  force  (P,  , 
times  the  missile  cross-sectional  area)  is  summed  with 
the  retarding  forces  (hydrostatic,  hydrodynamic, 
friction,  and  capsule  closure  rupture)  and  divided  by 
the  missile  mass  to  give  the  acceleration  at  t . .  , .  The  ac¬ 
celeration  is  integrated  numerically  to  yield  missile  ve¬ 
locity  and  displacement.  When  all  the  system  variables 
have  been  calculated  at  t , .  ,,  the  simulation  uses  them 
as  initial  values  and  repeats  the  process  for  /  . 

The  simulation  was  validated  by  comparing  cal¬ 
culated  and  experimental  results  for  three  dynamic  test 
launches  and  one  stationary  launch  of  a  boost  flight 
vehicle.  Figure  2  shows  the  comparison  of  calculated 
and  experimental  missile  velocities  for  one  dynamic  test 
launch.  Reference  2  provides  complete  theoretical  and 
experimental  results,  the  derivation  of  the  simulation 
equations,  and  a  simulation  user’s  guide. 
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Figure  2  —  Comparison  of  calculated  and  experimental 
missile  velocities. 

gas  generator  grain  at  ignition.  A  parametric  analysis 
was  conducted  using  the  STEP/688  code  to  determine 
the  maximum  allowable  deviation  from  the  nominal 
flow  rate  of  the  proposed  Phase  IC  gas  generator,  based 
on  specified  muzzle  pressure  requirements.  The  para¬ 
metric  analysis  considered  variations  in  missile  weight, 
missile/CLS  friction,  capsule  closure  load,  and  gas  gen¬ 
erator  flow  rate.  The  results  of  that  analysis  were 
reported  in  Ref.  3.  STEP/688,  is  currently  being  used  to 
determine  the  limits  of  allowable  launch  depth  that  will 
meet  the  system  requirements. 
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APPLICATIONS 

The  flow  rate  (burn  rate)  of  a  gas  generator 
varies  from  the  design  value  in  a  random  manner  be¬ 
cause  ot  manufacturing  tolerances.  In  addition,  it  this  work  was  supported  hs  the  .hunt  Cititse  Missile  Project 

varies  predictably,  depending  on  the  temperature  of  the  Oft  ice. 


DESIGN  AND  DEVELOPMENT  OF  A  MODULAR 
SIX-DEGREE-OF-FREEDOM  DIGITAL  SIMULATION 
FOR  THE  TOMAHAWK  CRUISE  MISSILE  PROGRAM 


G.  B.  Slupp  and  F.  W.  Riedel 

An  all-digital  simulation  of  the  Tomahawk  mis¬ 
sile  has  been  developed.  To  facilitate  simulating  differ¬ 
ent  members  of  the  Tomahawk  family  or  different 
levels  of  complexity  of  subsystem  models,  a  modular 
architecture  was  developed  that  allows  the  use  of  a 
high-order  integration  routine.  The  simulation  is  cur¬ 
rently  being  used  to  analyze  the  dependence  of  the 
Tomahawk  antiship  missile  impact  point  on  the  aim- 
point  model. 

BACKGROUND 

In  its  role  as  Technical  Direction  Agent  for  the 
Tomahawk  Cruise  Missile  Program,  APL  needs  a  flex¬ 
ible  simulation  of  the  missile  round  to  provide  under¬ 
standing  and  perspective  on  issues  affecting  the  dynam¬ 
ic  performance  of  the  missile.  The  Tomahawk  missile  is 
actually  a  family  of  similar  missiles,  each  having  its 
own  mission  but  differing  from  the  others  in  order  to 
fulfill  that  mission.  Even  for  a  particular  missile  vari¬ 
ant,  the  range  of  questions  to  be  investigated  can  re¬ 
quire  significantly  different  levels  of  complexity  for 
various  subsystem  models.  It  is  important  to  have  a 
modular  simulation  that  can  be  reconfigured  easily  for 
the  different  members  of  the  Tomahawk  family  and  for 
different  subsystem  models. 

Modularity,  by  itself,  is  not  a  difficult  feature  to 
design  into  a  simulation.  Each  state  can  be  integrated  as 
its  derivative  is  calculated.  However,  a  high-order  inte¬ 
gration  routine,  with  all  elements  of  the  state  vector  up¬ 
dated  from  a  single  subroutine  call,  was  selected  for  ac¬ 
curacy  and  efficiency.  A  simulation  methodology  was 
developed  for  the  program  that  permits  the  use  of  a 
high-order  integration  routine  and  still  provides  the 
modularity  required  for  the  Tomahawk  round  simula¬ 
tion.  Run  documentation  is  automatic  so  that  the  out¬ 
put  from  any  run  can  be  identified  as  to  the  subsystem 
models  used  and  the  parameter  values  for  those  models. 
In  addition,  a  flexible,  easy-to-use  plot  program  was 
written  to  facilitate  interpretation  of  the  simulation 
results. 

DISCUSSION 

The  simulation  of  the  Tomahawk  missile  round 
is  currently  configured  to  represent  the  terminal 
guidance  portion  of  a  Tomahawk  antiship  missile 
flight,  although  its  modularity  would  allow 


reconfiguration  to  represent  other  members  of  the 
Tomahawk  family.  The  six-degree-of-freedom  homing 
model  is  shown  in  Fig.  1 .  Each  box  is  represented  in  the 
simulation  by  one  or  more  model  definition  subroutines 
that  implement  the  functional  characteristics  of  that 
part  of  the  missile  system.  The  computations  performed 
in  most  of  the  subroutines  depend  on  the  results  from 
other  routines.  All  of  the  subroutines  are  under  the 
control  of  a  main  program  and  several  intermediate 
subprograms. 

Figure  2  is  a  block  diagram  of  the  general  simu¬ 
lation  architecture  that  implements  the  model  shown  in 
Fig.  1.  A  central  subroutine  (INTEG)  is  used  to 
perform  the  integration  of  all  states  (the  vector  X(t)  in 
the  figure).  This  subroutine  calls  other  subroutines 
(XDOT,  SUB1,  SUB2,  etc.)  to  compute  the  derivatives 
(X(t))  of  the  state  variables.  These  low-level  derivative 
subroutines  usually  represent  the  various  missile  subsys¬ 
tems,  such  as  the  autopilot  and  sensors  shown  in  Fig.  1. 
The  simulation  was  developed  with  the  aim  that  the 
model  definition  subroutines  be  “plug-in”  modular. 
In  other  words,  any  individual  subroutine  can  be 
modified  or  even  replaced  without  requiring  changes  in 
other  parts  of  the  system. 

The  conventional  simulation  approach  is  to  have 
the  state  and  state-derivative  vectors  defined  in  the 
main  program  to  be  exactly  n  elements  long, 
corresponding  to  the  n  states  of  the  total  system.  These 
vectors  are  passed  to  the  model  definition  (derivative) 
subroutines.  Within  the  subroutines,  variables  are 
associated  in  a  one-to-one  manner  with  the  n  elements 
of  the  state  and  derivative  vectors.  Thus,  in  the 
conventional  approach,  each  subroutine  must  know 
which  positions  within  the  state  vector  are  allocated  for 
that  subroutine’s  states.  Modularity  is  lost  because 
modifying  a  particular  subroutine  (i.e. ,  changing  the 
number  of  states)  would  change  the  positions  of  the 
other  subroutines’  slates  within  the  state  vector. 

The  Tomahawk  round  simulation  avoids  those 
problems.  First,  an  initialization  procedure  is  executed 
during  which  each  model  definition  subroutine  is 
queried  to  determine  how  many  states  are  required. 
From  that  information,  a  state  vector  is  constructed. 
Changing  the  number  of  states  of  a  particular  subrou¬ 
tine  is  handled  at  program  initialization  without  affect¬ 
ing  any  of  the  other  model  defintion  routines.  Second, 
all  intersubroutine  communication  takes  place  using 
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Figure  1  —  Six-degree-of-freedom  terminal  homing  model  for  the  Tomahawk  antiship  missile. 


functional  inputs  and  outputs  that  do  not  change  from 
model  to  model.  However,  because  these  computer  var¬ 
iables  are  distinct  from  elements  of  the  state  vector,  it  is 
necessary  to  update  them  after  the  state  has  been  up¬ 
dated  by  the  integration  routine.  In  the  Tomahawk 
round  simulation,  this  is  handled  by  special  assignment 
calls. 

Another  modularity  problem  with  the  conven¬ 
tional  simulation  approach  involves  parameter  changes. 
Typically,  input  parameter  changes  are  read  in  through 
the  main  program  and  passed  to  the  appropriate  model 
definition  subroutine.  This  approach  requires  that  the 
main  program  know  the  parameters  that  might  change, 
and  they,  of  course,  change  as  models  are  changed.  As 
part  of  the  initialization  procedure  in  the  Tomahawk 
round  simulation,  the  parameters  needed  to  define  and 
initialize  an  individual  subroutine  for  a  given  simula¬ 
tion  run  (or  Monte  Carlo  run  series)  are  read  as  inputs 
by  the  subroutine  that  needs  them.  Thus,  no  change  is 
required  in  the  main  program. 

This  high  level  of  modularity  requires  the  simu¬ 
lation  to  be  self-documenting.  The  program  output 
functions  have  been  structured  so  that  the  output  for 
every  run  clearly  indicates  which  version  of  a  subrou¬ 
tine  is  used  to  make  that  run  and  which  program  input 
parameters  have  been  changed  from  their  nominal 


values.  When  the  initialization  entry  point  of  each 
model  definition  subroutine  is  called  to  return  the  num¬ 
ber  of  states,  the  subroutine  also  writes  statements  to  a 
run  summary  listing  and  to  a  detailed  run  data  file  that 
give  the  subroutine  name  and  version  number.  In  addi¬ 
tion,  the  model  default  parameters  are  output  to  the  de¬ 
tailed  data  file.  When  a  subroutine  reads  its  program 
input  for  a  given  run  (or  Monte  Carlo  series),  parame¬ 
ters  that  have  been  changed  from  their  default  values 
are  written  by  the  subroutine  to  the  detailed  data  file 
and  to  the  summary  listing.  The  detailed  data  file  is  for¬ 
matted  like  a  page  of  printout.  Thus,  a  user  of  the  simu¬ 
lation  may  view  the  run  results  on  a  time-sharing  termi¬ 
nal  and/or  create  a  hard  copy  for  later  review .  An  inter¬ 
active  plotting  routine  was  created  to  allow  easy  inter¬ 
pretation  of  the  detailed  simulation  output. 


SIMULATION  VERIFICATION  AND 
APPLICATION 

Three  steps  were  taken  for  simulation  verifica¬ 
tion.  First,  as  part  of  the  simulation  development,  a  lin¬ 
ear  analysis  model  was  constructed.  Stability  derivative 
data  (generated  by  perturbing  aerodynamic  data)  were 
compared  to  those  from  the  airframe  contractor's  sim¬ 
ulation.  A  frequency  analysis  of  the  linear  analysis 
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Figure  2  —  General  program  architecture  tor  the  nu¬ 
merical  integration  of  dynamic  equations 

model  was  used  to  verify  autopilot  gains,  stability  mar¬ 
gins,  etc.  Step  responses  from  the  nonlinear  six-dcgree- 
of-freedom  simulation  were  then  compared  to  the  linear 
model. 

The  second  step  was  to  compare  the  autopilot 
step  responses  to  those  from  the  airframe  contractor’s 
simulation.  Initial  differences  were  resolved,  and  the  re¬ 
maining  slight  differences  were  shown  to  have  resulted 
from  known  differences  in  propulsion  models,  in  the 
last  step,  closed-loop  terminal  guidance  runs  were  com¬ 
pared  to  the  guidance  contractor’s  simulation.  Again, 
the  slight  differences  that  were  observed  were  attributed 
to  differences  in  propulsion  models.  Those  differences 
are  not  important  for  the  first  planned  use  of  the  simu¬ 


lation  and,  because  of  the  simulation's  modularity,  can 
be  removed  by  using  a  more  detailed  engine  model. 

The  Tomahawk  simulation  was  programmed  in 
IBM  Fortran  IV  on  the  Laboratory’s  IBM  3033  com¬ 
puter  sysem.  The  antiship  missile  configuration  runs 
were  at  aproximately  half  of  real  time  and  used  a  nu¬ 
merical  integration  step  size  of  0.005  s.  The  time  step  is 
determined  by  seeker  filters  and  may  be  increased  for 
simulating  Tomahawk  land-attack  variants. 

The  successful  use  of  the  simulation’s  modular¬ 
ity  features  has  been  demonstrated  repeatedly.  As  part 
of  the  verification  process,  a  stability-derivative  aerody¬ 
namics  subroutine  was  substituted  for  the  original  de¬ 
tailed  aerodynamics  routine  on  several  occasions.  The 
instrumentation  subroutine  has  been  upgraded.  A  sub¬ 
stitute  seeker  model  was  tested  easily.  The  aimpoint 
subroutine  has  been  changed  from  a  single-shift  model 
to  a  stochastic  bimodal  aimpoint  model.  The  latter 
model  has  been  used  to  demonstrate  the  relative  sensi¬ 
tivity  of  the  missile  impact  point  to  vertical  and  hori¬ 
zontal  aimpoint  probability  distribution  functions. 
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RAIN  DAMA(iK  EFFECTS  ON 
HYPERSONIC  MISSILE  RADOMES 


K.  k.  Fra/er 

An  experimental  test  program  has  been  con¬ 
ducted  to  demonstrate  the  effects  of  raindrop  impact  on 
tactical  missile  radomes  in  the  flight  regime  between 
Mach  3.5  and  5.0.  The  experiments  involved  exposing 
three  full-size  radome  samples  to  a  calibrated  rain  field 
for  distances  of  1000  to  6000  ft,  followed  by  a  safe  re¬ 
covery.  The  data  on  muterial  loss  generated  in  this  test 
constitute  a  unique  record  of  the  rain  erosion  phenome¬ 
non  in  slip-cast  fused  silica  as  it  varies  with  axial  loca¬ 
tion.  The  results  will  serve  as  a  basis  for  obtaining  em¬ 
pirical  correlations  to  predict  the  effects  of  rain  on  the 
erosion  of  such  radomes  during  operational  flights  of 
advanced  missile  systems. 

BACKGROUND 

The  Navy’s  Advanced  Wide  Area  Defense  Con¬ 
cept  includes,  as  a  fundamental  part,  a  surface- 
launched  missile  capable  of  ranges  far  beyond  the  radar 
horizon  and  traveling  at  hypersonic  speeds.  When  all- 
weather  performance  and  high-precision  target  homing 
are  included  as  system  requirements,  the  radome  mate¬ 
rial  and  the  physical  design  become  critical,  perform¬ 
ance-limiting  issues.  The  overall  goal  of  the  rain  dam¬ 
age  program  is  to  provide  a  reliable  way  to  predict 
missile  system  degradation  resulting  from  changes  in 
the  radome  caused  both  by  aerodynamic  heating  and  by 
physical  damage  from  raindrop  impacts.  These  envir¬ 
onmental  effects  can  alter  a  radome’s  RF  transmission 
characteristics  to  the  point  where  the  missile  cannot  ef¬ 
fectively  close  on  the  target.  The  current  effort  concen¬ 
trates  on  testing  the  rain  erosion  performance  of  slip- 
cast  fused  silica  (SCFS),  a  material  with  excellent 
thermomechanical  characteristics  but  that  suffers  mate¬ 
rial  loss  during  supersonic  flight  through  rain.  The  per¬ 
formance  data  generated  by  the  tests  will  be  valuable  in 
developing  predictive  techniques. 

In  the  early  1960's,  refinements  in  the  process¬ 
ing  of  high-purity  SCFS  (SiO.)  led  to  the  production  of 
prototype  radomes  that  showed  excellent  potential  for 
hypersonic  missile  applications. 1  Although  it  is  struc¬ 
turally  weak  compared  to  other  ceramics,  its  very  low 
coefficient  of  thermal  expansion  (0.3  x  10  h/*F  versus 
4.0  x  10  *■  ■  * F  for  alumina.  Al-O,)  and  low  elastic 
modulus  (4.0  x  10'  psi  versus  40  x  10'  psi  for  AI.O,) 
provide  ideal  thermal  shock  resistance.  A  low  dielectric 
constant  partially  compensates  for  the  low  mechanical 
strength  by  allowing  relatively  thick  wall  sections  to  be 
used.  Moreover,  the  dielectric  properties  have  a  low  de¬ 
pendence  on  temperature,  allowing  extended  operation 


at  high  heating  conditions.  On  the  other  hand,  the  ma¬ 
terial’s  slight  porosity  and  low  hardness  value  leave  it 
susceptible  to  impact  damage  by  raindrops  with  a  nor¬ 
mal  velocity  component  larger  than  about  1 500  ft/s. 

Early  screening  tests-  provided  a  basis  for  com¬ 
parison  with  other  materials  but  produced  little  data 
useful  for  full-size  radome  design.  Recent  work  of 
Letson'  has  provided  a  consistent  body  of  erosion  rate 
data  for  SCFS;  incidence  angles  between  19  and  35° 
and  velocities  near  5500  ft/s  are  covered.  Letson’s  data 
were  gathered  using  small  conical  samples  about  1.5  to 
2.0  in.  long  as  opposed  to  the  earlier  screening  studies  in 
which  small  flat  plates  were  used.  Unfortunately,  none 
of  the  tests  has  provided  information  about  the  erosion 
rates  that  would  occur  along  the  length  of  a  full-size 
surface.  It  is  expected  that  the  aerodynamic  flow  field 
along  the  radome’s  length  and  the  presence  of  water  in 
the  boundary  layer  would  have  a  mitigating  effect  on  a 
drop’s  potential  for  damage  aft  of  the  tip  region.  Be¬ 
cause  local  changes  in  wall  thickness  on  the  order  of 
0.010  in.  will  have  a  significant  effect  on  a  radome’s 
boresight  error,  estimating  the  erosion  rate  at  various 
stations  is  crucial  to  an  accurate  prediction  of  missile 
system  performance.  The  important  issue  here  is  not 
whether  the  radome  survives  but  that  changes  in  wall 
thickness  tend  to  reduce  RF  performance.  The  present 
effort  provides  data  on  erosion  versus  station  on  full- 
size  prototype  radomes  that  will  be  correlated  with  an 
empirical  model. 

DISCUSSION 

The  development  of  a  rain  erosion  model  and  the 
supporting  test  efforts  have  five  major  goals:  (a)  con¬ 
ducting  a  literature  search  to  provide  an  overv  iew  of  the 
state  of  technology  for  both  experimental  and  theoreti¬ 
cal  developments/  (b)  developing  a  correlation  method 
for  handling  full-size  sample  tests/  (c)  procuring  and 
preparing  the  test  items,  (d)  conducting  the  tests,  and  (e) 
correlating  the  erosion  rate  data  with  theory  and  devel¬ 
oping  an  improved  rain-erosion  model. 

The  first  four  goals  have  been  met,  and  the  test 
data  are  being  analyzed.  The  literature  survey  revealed 
that  only  the  experimental  work  of  Letson  and 
Balageas'’  could  be  used  effectively  in  a  correlation 
scheme.  Subsequently,  a  method  for  predicting  SCFS 
erosion  rates  along  the  radome  was  proposed  that  ac¬ 
counts  for  variations  in  the  intensity  of  the  rain  field, 
the  local  incidence  angle,  and  the  shielding  of  the  sur- 


face  b>  water  and/or  eroded  material  within  the  bound¬ 
ary  layer.  The  method  assumes  that  the  erosion  rate 
near  the  tip  follows  the  emperieal  relationship  of 
I.etson's  data.  Erosion  rates  aft  of  the  tip  are  modu¬ 
lated  by  the  elfeets  of  changing  incidence  angle  and 
debris  shielding.  In  functional  form,  the  relationship 
is 

e  (  v )  =  (.-l.t<(.v)  +  Bh  ( .v ) ) ./  ( .v„ ) 

where 

t;(.v)  is  the  erosion  rate  at  any  radome 
station  v; 

/(.v„)  is  the  erosion  rate  occurring  at  the  tip 
location  (_v„)  and  has  parametric 
variation  with  radome  shape,  veloci¬ 
ty,  and  rain  rate; 

.iM.v)  is  the  amount  of  water  in  the  bound¬ 
ary  layer  at  station  v: 

h(\)  is  the  amount  of  eroded  material 
similarly  swept  along  the  radome 
surface; 

.1  and  B  are  empirically  determined  con¬ 
stants. 

The  experiment,  designed  to  determine  the  sta¬ 
tion-dependent  erosion  effects,  has  used  the  Holloman 
AEB  lest  [  rack.  The  facility  can  accelerate  various  si/e 
payloads  to  speeds  beyond  Mach  5  and  then  decelerate 
them  to  a  safe  stop.  The  10-mi-long  track  has  a  6000-fi 
sect. on  equipped  with  sprinklers  that  can  approximate 
rain  storms  at  rates  of  about  2.5  in./h.  Three  SETS 
radome  samples  were  procured  in  cooperation  with  a 
separately  funded  AIM  program,  and  preparations 
were  made  to  test  them  at  Mach  5.5  and  5.0.  Two  of  the 
samples  were  shaped  ramjet-nose-inlet  compression 
surfaces  with  base  diameters  of  19  in.  They  were  suit¬ 
able  lor  testing  only  up  to  Mach  4.0.  The  third  sample 
was  a  20  half-angle  cone  with  a  diameter  of  1 1  in.  The 
absence  ot  the  high-incidence-angle  aft  section  on  this 
latter  sample  allowed  it  to  be  tested  at  Mach  5.0. 

The  test  preparations  involved  the  design  and 
manufacture  of  two  vibration  isolation  systems  capable 
of  withstanding  up  to  50,000  lb  of  axial  drag  force 
while  isolating  the  radome  from  average  lateral  acceler¬ 
ations  ot  around  100  g  at  frequencies  up  to  2000  H/. 
Alter  extensive  static  and  dynamic  testing  at  API's  en¬ 
vironmental  test  lab,' the  hardware  was  shipped  to  the 
Holloman  test  track  and  mounted  to  the  appropriate 
rocket  sleds.  A  checkout  run  using  a  simulated  radome 
made  of  steel  verified  the  structural  integrity  of  the  vi¬ 
bration  isolation  system  and  the  rocket  sled  perform¬ 
ance.  Ihe  rocket  motors  provided  a  peak  velocity  of 
5740  ft  s,  and  the  braking  system  brought  the  sled  to 
rest  intact.  Accelerometers  mounted  to  the  sled  and 


radome  showed  that  an  overall  attenuation  in  the  vibra¬ 
tion  environment  of  17  dB  was  achieved  by  the  isola¬ 
tion  system. 

Each  large-diameter  radome  sample  was  tested 
at  a  peak  velocity  of  about  5800  ft  s;  one  experienced 
1000  ft  of  rain-field  exposure  while  the  other  went 
through  4000  It.  figure  I  is  a  high-speed  photograph  of 
one  radome  in  the  rain  lield  at  5775  ft  s.  The  figure 
shows  the  overall  character  of  the  flow  lield  around  the 
radome  and  the  presence  of  water  streaks  from  drop 
impacts  at  the  radome  surface.  Figure  2  is  a  closeup  ot' 
the  surface  of  the  radome  that  experienced  4000  ft  of 
rain.  The  damage  sites  closely  resemble  those  observed 
in  laboratory  tests  conducted  on  plate  samples  impacted 
by  single  drops. The  large  size  of  the  damage  sites  and 
their  infrequent  distribution  indicate  that  only  the  larg¬ 
est  rain  drops  contributed  to  the  damage.  The  potential¬ 
ly  damaging  effect  of  the  more  numerous  smaller  drops 
has  been  attenuated  by  the  flow  around  the  radome 
structure  ahead  of  the  damaged  section. 

figure  5  shows  the  small-diameter  conical  test 
sample  during  testing.  The  peak  velocity  was  5500  ft  s 
and  the  total  rain  exposure  was  6000  ft.  Unfortunately, 
this  test  item  was  not  recovered  intact  at  the  end  ol  the 
run  because  of  a  structural  failure  that  occurred  very 
near  the  end  of  the  run,  when  the  sled  was  traveling  at 
about  8(>0  ft  s.  Photographic  coverage  showed  the  test 
sample  to  be  intact  after  leaving  the  rain  lield  and  lo 
have  suffered  significant  erosion  over  its  entire  surface. 

I  he  recovered  fragments  (representing  about  one-half 
ol  the  test  sample)  indicated  that  material  was  removed 
over  the  entire  surface  by  impacts  vv  ith  drops  ol  all  sizes 
and  that  there  is  a  station-dependent  effect.  Efforts  to 
quantify  these  observations  will  depend  on  assembling 
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Figure  1  —  A  radome  in  the  rain  field,  traveling  3775 
ft/s. 
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Figure  2  —  Closeup  of  damaged  surface  of  a  radome 
that  experienced  4000  ft  of  rain. 

I  lie  fragments  and  making  erosion  depth  versus  station 
measurements. 


C  OM  I  t  SION 

I  Me  experimental  test  program  described  here 
has  provided  a  unique  set  of  rain  erosion  data  on  lull- 
si/e  NO  N  radome  samples.  The  availability  of  these 
data  lor  correlation  with  predictive  techniques  provides 
a  credible  foundation  for  further  theoretical  develop¬ 
ment.  I  he  two  AIM -built  vibration  isolation  systems 
provided  a  structurally  adequate  “soft"  ride  for  the 
relatively  ft  agile  ceramic  samples.  Moreover,  an  in- 
etease  m  the  reliability  of  rocket  sled  testing  of  weak  ce¬ 
ramic  ladomcx  has  been  demonstrated,  the  test  sam¬ 
ples  show  a  signil icant  attenuation  of  rain  damage  at 
stations  dow nxt ream  ol  the  lip,  verify  ing  a  l undamctilal 
assumption  in  the  proposed  correlation  scheme. 

I  in  diet  mote,  the  attenuation  phenomenon  appeals  to 
v.ttv  with  raindrop  xi/e.  lollovv-on  efforts  will  be  di 


Figure  3  —  The  small-diameter  conical  test  sample  dur¬ 
ing  testing. 

reeled  at  quantify  ing  the  erosion  experienced  in  the  tests 
and  developing  the  parametric  erosion  model  for  use  in 
preliminary  missile  design. 
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DEVELOPMENT  OF  COMPUTATIONAL  COOKS  FOR  THK 
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Recent  advancements  in  computer  speed,  storage 
capacity .  and  algorithmic  sophistication  have  enabled 
technique. v  in  the  field  o  f  computational  fluid  dynamics 
to  become  power ful  design  tools  for  ramjet  engines.  In 
particular,  modern  computational  methods  have 
proven  to  be  very  valuable  in  the  analysis  of  complex 
supersonic  flow fields  that  are  typical  of  ramjet  inlets. 
1  his  article  discusses  the  development  of  computational 
codes  for  the  solution  of  both  inviscid  and  viscous  inlet 
flow  fields. 


BACk(iKOIM) 

Computational  fluid  dynamics  is  the  direct  nu¬ 
merical  solution  of  the  governing  partial  differential 
equations  that  are  appropriate  for  the  particular  fluid 
dynamic  regime  of  interest.  Once  determined,  the  solu¬ 
tion  may  be  processed  in  order  to  obtain  performance 
parameters  that  are  important  to  vehicle  design.  In  the 
design  of  ramjet  inlets,  inexpensive  supersonic  inviscid 
flow  codes  have  been  dev  eloped  to  obtain  flow  field  so¬ 
lutions  permitting  the  calculation  of  inlet  additive  drag 
and  air  capture  and  the  qualitative  prediction  of  inlet 
elliciency.  In  addition,  supersonic  viscous  flow  codes 
have  been  developed  to  obtain  internal  inlet  flow  field 
solutions  that  result  in  detailed  flow-field  “pictures" 
and  the  calculation  of  quantitatively  accurate  inlet 
efficiencies. 

DISCUSSION 

Inviscid  I'iow  Code  Development 

i  wo-  and  three-dimensional  finite-difference 
codes  have  been  developed  for  the  solution  of  steady 
supersonic  inviscid  flows.  The  codes  essentially  use  a 
steady-slate  filler  marching  technique  such  as  that  de¬ 
scribed  by  Ruder. '  Once  the  flow  field  is  obtained,  the 
data  are  processed  to  yield  inlet  performance  parame¬ 
ters  such  as  air  capture,  additive  drag,  cowl  wave  drag, 
and  kinetic  energy  efficiencies. 

figure  I  is  a  schematic  of  a  typical  supersonic  in¬ 
let  for  a  ramjet  missile.  When  the  engine  is  operating  at 
low  angles  of  attack  at  Reynolds  numbers  typical  of 
ram  jet  applications,  the  external  flow  field  is  basically 
inviscid  in  nature.  That  is,  viscous  effects  arc  effectively 
confined  to  the  thin  boundary  layer  on  the  compression 
surfaces.  Therefore,  it  is  reasonably  accurate  and  eco- 


Flgure  1  —  Axisymmetric  inlet  flowfield  at  zero  angle 
of  attack. 


nomically  efficient  to  use  an  inexpensive  inviscid 
marching  code  for  the  calculation  of  this  external  super¬ 
sonic  flowfield. 

The  important  performance  parameters  relating 
to  the  external  inlet  flowfield  are  calculated  as  appro¬ 
priate.  Figure  2  is  an  artist’s  eoneeption  of  a  chin  inlet 
operating  at  small  angle  of  attack.  The  additive  axial 
force,  often  loosely  referred  to  as  additive  "drag,”  is 
obtained  by  a  program  developed  to  trace  the  stream¬ 
lines  impinging  on  the  cowl  lip  back  to  their  point  of  in¬ 
tersection  w  ith  the  bow  shock.  The  additive  drag  is  then 
calculated  by  integrating  the  pressure  along  the  surface 
of  the  capture  stream  tube  and  multiplying  by  the 
tube's  projected  axial  area.  The  additive  normal  force 
is  determined  by  multiplying  the  pressure  by  the  normal 
projection  of  the  stream  tube.  If  additive  forces  arc  cal¬ 
culated  as  described  above,  the  axial  projection  of  the 
capture  envelope  determines  the  air  capture.  However, 
if  only  air  capture  is  desired,  a  mass  integration  routine 
is  applied  at  the  inlet  plane  so  that  the  relatively  expen¬ 
sive  streamline  tracing  routine  can  be  avoided. 

One  of  the  most  important  inlet  performance  pa¬ 
rameters  is  the  kinetic  energy  efficiency,  which  is  essen¬ 
tially  a  measure  of  how  much  of  the  flow's  total  energy 
is  recoverable  as  total  pressure  at  the  inlet  diffuser  exit 
(i.e..  the  combustor  entrance).  Although  v  iscous  effects 
play  an  important  role  in  the  internal  inlet  flowfield, 
much  of  the  inlet  flow- field's  total  pressure  loss  occurs 
because  of  the  internal  shock  system.  In  order  to 
analyze  those  losses,  a  three-dimensional  inviscid 
marching  code  has  been  developed  to  solve  the  inlet's 
internal  supersonic  flow,  from  such  a  solution,  the 
qualitatively  accurate  ituiscid  kinetic  energy  efficiency 


Cowl  lip  dividing  stream  surface 


is  calculated.  I  his  capubilit >  has  proved  to  be  very  valu¬ 
able  as  an  inexpensive  screening  tool  with  which  lo 
eliminale  inet'liciem  inlet  designs. 

Viscous  How  C  ode  Development 

Purely  inviseid  analyses  have  great  utility ,  as 
can  be  seen  Iron)  the  above  discussion,  but  also  possess 
severe  limitations  lor  the  analysis  ol  internal  Hows.  As 
one  might  expeel,  viscosity  plays  a  major  role  in  an  in¬ 
ternally  ducted  How;  in  fact,  the  boundary  layer  may 
span  the  entire  flow  at  stations  lar  aft  in  the  duet.  In  ad¬ 
dition,  shock-wave  boundary -layer  interactions  will 
alter  the  internal  shock  structure.  Therefore,  it  is  always 
true  that  viscous  effects  alone  will  rcuucc  inlet  efficien¬ 
cy,  and  a  viscous  analysis  capability  is  necessary  to  pre¬ 
dict  internal  properties  accurately.  Such  a  capability  has 
been  developed  for  two-dimensional  and  axisymittetric 
inlet  geometries.  It  is  based  on  approximations  to  the 
Nav ier-Stokes  equations  that  remove  their  cllipt icily 
and  make  them  parabolic  in  nature.1  I  he  analysis  pro¬ 
vides  a  supersonic  How  field  solution  of  the  steady-state 
equations  using  a  relatively  inexpensive,  spatially 
marched,  finite-difference  scheme.  Avoided  is  the  enor¬ 
mous  expense  of  a  time-dependent  solution  of  the  un¬ 
steady  equations,  which  requires  several  hours  ot  execu¬ 
tion  lime  on  even  the  most  advanced  computers.  Such  a 
technique  is  economically  impractical  lot  use  as  a  de¬ 
sign  tool  with  t he  ptesent  stale  ol  computers. 

I  lie  parabolized  Nav  ici  Stokes  (PNS)  code  was 
originally  developed  for  external  How  applications 


whereas  our  primary  area  of  concern  is  to  estimate  the 
losses  resulting  from  internal  viseious  effects.  Accord¬ 
ingly,  a  NASA  Ames  v  ersion  of  the  external  PNS  code 
was  adapted  and  extended  to  handle  internal  flows. 
PNS  results  have  been  obtained  for  several  ramjet  inlet 
designs;  they  compare  favorably  with  results  obtained 
using  a  time-dependent  solution  to  the  full  Nav  ier- 
Stokes  equations  and  with  experimental  measurements. 
An  example  of  such  a  comparison  is  shown  in  l-ig.  3, 
which  presents  the  pressure  distribution  for  a  ramjet 
inlet.  I  lie  experimental  results  were  obtained  from  a 
wind-tunnel  test  of  a  one-third-scale  inlet  model,  and 
the  Nav  ier-Stokes  solution  was  obtained  for  the  fully 
three-dimensional  inlet  configuration  using  a 
NASA  I  angles  computer  code.  Hie  PNS  solution  was 
generated  for  an  axisymnietric  approximation  of  a 
three-dimensional  internal  How  where  the  viscous 
effects  of  the  sidewall  are  not  taken  into  account.  As 
can  be  seen  in  1  ig  3.  this  approximation  results  in  less 
dissipation  ol  the  inlet  shock  system;  however,  the  over¬ 
all  agreement  is  good, 

I  able  I  compares  the  inlet  kinetic  energy  effi¬ 
ciency  ( .(  )  lot  an  inviseid  flow  field  solution  with  that 
tor  a  PNS  solution  at  various  stations  in  an  axisymmet- 
i  ic  ranuet  inlet 

Note  m  the  table  that  the  viscous  g.  is  signifi¬ 
cantly  lower  than  the  inviseid  >/  and  that  the  diller- 
encc  between  the  two  becomes  greater  at  stations  lar- 
ihei  alt  in  the  duct  At  the  exit,  the  dit  Terence  corre¬ 
sponds  to  a  1 2" "  increase  m  total  picssure  loss  resulting 
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Figure  3  —  Pressure  distribution  for  a  scramjet  inlet. 


Table  1  —  Mass  averaged  for  the  axisymmetric 
ram/et  inlet. 
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*Ia, 

Midstation 

Exit 

PNS 

0.989 

0.981 

0.969 

0.969 

Inviscid 

0.996 

0.991 

0.985 

_ 

0.984 

from  viscous  effects.  It  is  obvious  that  viscous  losses 
can  make  up  a  substantial  amount  of  the  total  inlet 
losses.  This  fact  highlights  the  importance  of  a  viscous 
analysis  capability  for  the  accurate  calculation  of  ram¬ 
jet  inlet  performance. 

The  current  PNS  capability  can  solve  flow  fields 
in  ramjet  inlets  with  axisymmetric  geometries;  however, 
most  of  the  inlet  designs  currently  being  studied  are 
complex  three-dimensional  configurations.  Efforts  are 
currently  under  way  to  further  extend  the  internal  How 
PNS  code  so  that  solutions  can  be  obtained  for  inlets 
with  three-dimensional  geometries. 
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INTRODUCTION 


The  Laboratory's  involvement  in  space  programs  began  in  the  postwar  years 
when  Aerobee  and  captured  V-2  rockets  carried  Geiger  tubes,  magnetometers,  and 
optical  spectrometers  high  above  the  earth's  surface.  The  (lights  provided  the  first 
high-altitude  measurements  of  cosmic  rays,  the  geomagnetic  field,  and  atmospheric- 
constituents  such  as  ozone  and  were  conducted  by  James  A.  Van  Allen,  John  J. 
Hopfieid,  and  S.  Fred  Singer  (who  were  then  APL  staff  members).  In  1946,  a 
V-2  rocket  carried  a  camera,  installed  by  Clyde  T.  Holliday  of  APL,  for  the  first 
look  at  the  earth  from  an  altitude  of  100  miles.  From  those  beginnings,  API 's 
record  of  accomplishments  proceeds,  and  includes  the  conception,  design,  and 
development  of  the  Transit  Navigation  Satellite  System  and  the  Satrack  Missile- 
Tracking  System  for  the  Navy. 

Space  activities  at  APL  have  been  supported  by  an  active  program  of  basic- 
research  directed  toward  understanding  the  chemical  and  physical  processes  in¬ 
volved  in  the  earth’s  atmosphere,  ionosphere,  and  magnetosphere  and  in  inter¬ 
planetary  phenomena.  Laboratory  achievements  include  the  design  and  construction 
of  one  of  the  longest-lived  scientific  satellites  ever  launched  (1963-38C),  the  dis¬ 
covery  of  heavy  ions  trapped  in  the  earth’s  radiation  belts,  the  experimental  con¬ 
firmation  of  large-scale  field-aligned  currents  in  the  auroral  regions,  the  discovery 
that  plasma  in  the  magnetospheres  of  Jupiter  and  Saturn  has  a  higher  tempera¬ 
ture  (.100  to  700  K)  than  any  other  plasma  yet  observed  in  nature,  and  the  de¬ 
velopment  of  radio  astronomy  techniques  for  predicting  geomagnetic  storms  that 
can  disturb  terrestrial  radio  transmissions.  Advances  in  remote  sensing  include 
design  concepts  for  future  satellite-borne  radar  altimeters,  the  derivation  of  large- 
scale  ocean  wave  characteristics  from  satellite-borne  radar  data,  and  the  develop¬ 
ment  of  Rl  and  light  frequency  radars  to  monitor  crop  damaging  insects.  In  ad¬ 
dition,  APL  has  developed  techniques  to  predict  the  disruptive  effects  of 
tropospheric  phenomena,  such  as  rain,  on  earth-satellite  communications. 

In  addition  to  the  work  reported  in  this  issue  of  the  A  PI  Selected  Accom¬ 
plishments.  there  are  a  number  of  space  activities  presently  under  way  at  the  Lab¬ 
oratory.  The  following  list  is  far  from  inclusive  but  is  intended  to  provide  examples 
of  current  efforts. 

•  API  is  collaborating  with  the  Max-Planck  Institute  on  the  Active  Mag- 
nctospheric  Particle  Tracer  Lxperiment.  By  creating  and  monitoring  an 
artificial  ion  cloud  within  the  distant  magnetosphere,  the  experiment  will 
yield  information  on  the  mechanisms  responsible  for  the  formation  of 
the  Van  Allen  radiation  belts.  I  aunch  is  scheduled  for  August  1984. 

•  Work  has  begun  at  API  on  the  Polar  Beacon  and  Auroral  Research  (Po¬ 
lar  Bear)  Salelllite  Program.  The  satellite  will  carry  several  scientific  in¬ 
struments:  an  ultraviolet  imager  for  observing  the  auroral  disk  and  a 


magnetometer  tor  measuring  the  polar  magnetie  field.  Those  instruments 
will  permit  a  unique  analysis  of  auroral  phenomena  on  a  global  basis. 

•  The  L  aboratory  is  eollaborating  with  the  Max-Planck  Institute  in  the  de- 
\elopment  of  an  energetie  particle  detector  for  the  NASA  Galileo  mis¬ 
sion.  The  instrument  will  be  integrated  into  the  Galileo  spacecraft 
scheduled  to  orbit  Jupiter  in  1990. 

•  An  APL-built  instrument  to  measure  energetic  charged  particles  in  the 
heliosphere  will  be  aboard  the  International  Solar  Polar  spacecraft  sched¬ 
uled  to  pass  over  the  sun's  poles  at  the  end  of  this  decade. 

•  API.  continues  to  participate  in  planning  for  the  Voyager  encounter  with 
Uranus  in  1986. 

•  APL  is  supporting  NASA  in  the  design  of  spacecraft  to  map  simulta¬ 
neously  the  earth’s  gravitational  and  magnetic  field  with  unprecedented 
precision. 

Eight  articles  have  been  chosen  for  inclusion  in  this  edition  of  the  APL 
Selected  A  ccomplishmen ts. 

The  first  article  describes  the  polar  orbiting  satellite,  HIL  AT,  that  was 
launched  on  June  27,  1983.  HIl.AT  was  designed  and  built  by  API.  and  carried 
experiments  by  APL,  the  Air  Force  Geophysics  l  aboratory,  and  SKI  International 
for  the  Defense  Nuclear  Agency. 

The  next  article  describes  API  \  ultrav  iolet  imaging  instrumentation  aboard 
HIL.AT  that  was  used  to  make  the  first  daylight  observations  of  the  global  auroral 
display  over  a  polar  region. 

The  Cieosat-A  satellite  being  built  by  APL  will  carry  out  radar  altimetry 
to  obtain  worldw  ide  oceanographic  data  and  a  more  precise  determination  of  the 
geoid.  Key  components  of  the  altimeter  are  discussed  in  the  third  and  fourth  articles. 

In  the  fifth  article,  the  redesign  of  the  drive  and  control  system  lor  the  API 
60-foot  parabolic  dish  antenna  is  discussed.  The  system  was  upgraded  to  meet 
the  pointing  requirements  lor  the  reception  of  S-band  frequency  energy  from 
Geosat-A. 

The  sixth  article  reports  on  the  preliminary  system  design  and  integration 
study  of  an  alternate  fine  guidance  sensor  to  control  and  stabilize  the  Hopkins 
Space  Iclescope.  The  requirement  that  the  Space  Telescope  maintain  a  pointing 


stability  of  0.007  arcsecond  with  respect  to  guide  stars  made  this  effort  particu¬ 
larly  challenging. 

The  next  article  describes  the  Fault  Isolation  and  Monitoring  System 
designed  by  APL  for  NASA.  The  system  monitors  both  the  quality  and  the  quan¬ 
tity  of  communication  between  the  Tracking  and  Data  Relay  Satellite  ground  sta¬ 
tion  at  White  Sands,  N.  Mex.,  and  the  Network  Control  Center  at  the  Goddard 
Space  Flight  Center. 

Finally,  to  support  the  Galileo  mission,  APL  scientists  have  examined  the 
thermal  response  of  the  spacecraft’s  nuclear  heat  source  in  the  event  of  an  off- 
normal  reentry.  The  results  will  be  used  to  assess  the  safety  margin  of  the  design. 


THK  HILAT  SATKLL1TK 


h.  A.  Potoeki,  S.  I).  Haran.  and  1  .  H.  Schwerdtfeger 


The  Hll.A  I  satellite  was  launched  successfully 
on  June  27,  1983  into  an  800  by  807  km  elliptical  orbit 
with  an  82.0°  inclination.  The  objective  of  this  mission 
is  to  provide  in  situ  and  remote-sensing  observations  oj 
the  plasma  density  irregularities  m  the  high-latitude  ion¬ 
osphere  and  of  their  effects  on  81  propagation. 


BAC  K(iROlM) 

Naturally  occurring  radio  wave  scintillation 
caused  by  structured  plasmas  in  the  ionosphere  can 
hinder  Department  of  Defense  communications  and 
surveillance  systems.  The  Defense  Nuclear  Agency, 
which  investigates  these  effects,  has  sponsored  iono¬ 
spheric  research  to  measure  and  characterize  such  phe¬ 
nomena  as  signal  fading,  temporal  and  frequency  co¬ 
herence,  etc.  This  article  describes  the  Hll  AT  (high-lat¬ 
itude  ionospheric  research)  satellite,  which  was  built  for 
the  Defense  Nuclear  Agency  to  provide  measurements 
of  both  ionospheric  parameters  and  Kl  propagation 
effects. 


SPACECRAFT  DESCRIPTION 

Mil. AT,  designated  PNC  I  and  depicted  in 
I  ig.  I,  is  an  operational-class,  IS.  Navy  I  ransjt  navi¬ 
gation  satellite  modified  by  API  to  carry  the  instru¬ 
mentation  listed  in  I  able  I  lo  measure  high-latitude 
plasma  structure,  it  carries  a  unique  complement  ol  ex¬ 
periments  to  perform  in  situ  and  remote-sensing  obser¬ 
vations  of  the  ionosphere.  I  hese  experiments  include 
(a)  radio  beacons  to  measure  scintillations  caused  by 
ionospheric  irregularities;  (b)  in  situ  detectors  to  ob¬ 
serve  precipitating  electron  fluxes,  plasma  density,  elec¬ 
tric  fields,  and  magnetic  tields;  and  (c)  an  ultiaviolet 
imaging  system  with  visible  photometers  to  provide 
global  v  iew  s  of  the  auroral  regions. 

In  order  to  provide  a  stabilized  platform  toi 
imaging,  fill  A  I  was  three-axis  stabilized  by  means  ol 
the  transit  gravity-gradient  boom  and  an  added  mo¬ 
mentum  wheel  tor  yaw  stabilization.  There  is  no  on¬ 
board  data  storage.  The  m  situ  and  imaging  data  ire 
formatted  and  telemetered  m  real  time  at  4098  bits  s  on 
the  coherent  beacon  experiment  ttaitsmission  to  ground 
receiving  stations.  I  he  actual  ground  coverage  depends 
upon  the  location  ol  the  receiving  stations  and  on  the 
spacecraft  orbit.  Measurements  will  be  made  from 
Sondre  Stronil  lord,  (iiecnlund;  kiruna.  Sweden; 


Figure  1  —  The  orbital  configuration  of  the  HILAT  satel¬ 
lite  Earth  is  always  in  the  -Z  direction 

Iromso,  Norway;  Bellevue,  Wash.;  and  Churchill, 
Canada. 

It  is  important  to  the  Hll  AT  objectives  that  the 
various  experiments  operate  simultaneously.  However, 
the  spacecraft's  solar  arrays  and  batteries  cannot  sus¬ 
tain  such  operation  continuously.  Therefore,  a  timer, 
designed  to  control  the  experiments,  allows  simul¬ 
taneous  operation  for  one-fourth  of  an  orbit.  T  he  orbit¬ 
al  phase  of  the  timer  is  adjustable  by  ground  command 
to  permit  operation  over  any  desired  90°  sector  of  the 
earth.  Control  ot  Hll  AT  is  provided  through  the 
Transit  Auxiliary  Command  System.  Experiment  mode 
selection,  tuner  adjustments,  and  housekeeping  telem¬ 
etry  monitoring  are  performed  by  the  Navy  Astro¬ 
nautics  C iroup. 

Prior  to  launch.  Hll  AT  underwent  an  extensive 
test  and  environmental  qualification  program.  Alter  in¬ 
tegration  ol  the  spacecraft  and  the  experiments,  electro¬ 
magnetic  compatibility  and  vibration  tests  were  per 
formed  at  API  .  and  magnetics  calibration  and  thermal 
vacuum  testing  were  performed  at  the  Coddatd  Space 
T  light  C  enter,  f  igure  2  shows  Hil  A  I  in  preparation 
for  testing  at  API  .  All  of  these  tests  supported  a  teadt 


Table  1  —  HILAT  exnetiments 
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l  olal  election 

eonu-iit 

l  ight  hand  circular  polarization 

Rino  (SKI  International) 

Ihasina 

1  otal  ion  concenttaiion 

1  angmuir  probe:  spectral  density 

Rich  (Air  force  Geophysics 

monitor 

of  concentration  irregularities 

lab.) 

1  )ommam  species 

Ion  lempei atme 

1  -  led  i  ic  I  ield 

at  3.  10.  35.  500,  7s()  m 
wavelengths 

Retarding  potential  analyzer: 
ion  concentration,  3.5  hm  resolu¬ 
tion;  temperature  and  mass  of 
dominant  ion 

Ion  drift  meter:  cross  trade  electric 
field  with  880  m  resolution 

Heelis,  Hanson  (University 
of  Texas,  Dallas) 

\  ecloi 

Magnetic  field 

I  luce-axis  lluxgate:  12  n  1 

Potemra  (.IIU ;  API  ) 

magnelometei 

1  lectric  curient  along 
magnetic  field  lines 

quantizations.  400  m  resolution 

1  lection 

1  lection  flux  and 

1  nergy  i  angc:  20  eV  to  20  heV; 

Hardy  (Air  force 

%pL\in>mcfcr 

01101)* \  spool r a 

three  looh  directions:  up.  down. 

45 ’■  from  zenith 

I  liree  modes,  spatial  resolution 

300.  600.  and  180(1  m 

Geophysics  1  ab. ) 

Am  ortil 

Night  and  day  am  oi  a 

1 1  50-2000  \  imaging 

Huffman  (Air  1  orcc 

ionosphet  ic 

spectrophotometer 

Geophysics  1  ab.) 

mapper 

1  -lav et  emissions 

3914  and  6300  \  nadir-viewing 
photometei  s 

W  avelenglh  lesolution  30  \; 
spatial  resolution  in  l  (1  ) 
layer  is  5  ■  20(3  •  12)  km  at 
nadir 

Meng  (  IHL  API  ) 

ness  ii'Mi'u  prior  io  shipment  ol  t he  spacecraft  lo  the 
\  andcnhetg  Ail  force  Base.  ('alii. 

On  lime  27.  1983,  Mil  A  I  uai  launched  success- 
I  nils  oil  .1  N  AS  A  Seoul  rochet  into  an  800  by  807  hm  el¬ 
liptical  orbit  sutli  an  82.0"  inclination.  Hull  altitude 
was  selected  because  it  was  high  enough  tor  imager  glo¬ 
bal  \ie\smg  and  loss  enough  lor  the  various  in  situ  mea¬ 
surements  I  he  82.0  inclination  ssas  chosen  to  give 
some  overhead  passes  along  the  geomagnetic  meridian 


at  the  ground  reeeising  stations.  Ground  measurements 
alter  launch  indicated  that  all  spacecraft  subsystems 
ssere  operating  properly  and  that  all  of  the  experiments 
svere  meeting  their  technical  objectives. 

\c  knowi.kim;mknts 

The  Mil  A  I  spaeeeralt  is  a  I  S.  Navy  naviga¬ 
tion  1  ransit  satellite  originally  designed  and  fabricated 


Figure  2  —  HILAT  being  prepared  for  electromagnetic  compatibility  tests  at  APL 


by  APL;  and  the  Auroral  Ionospheric  Mapper  experi¬ 
ment  was  built  by  APL  for  the  Air  Force  Geophysics 
Laboratory. 

RKFKRKNCK 

5The  HILAT  Science  learn,  “The  HILAT  Program,"  i.'OS  64.  163- 
I70IWH3). 

I  hi'  work  wav  supported  h\  the  Defense  Nuclear  Agcncv . 


and  subsequently  modified  by  APL.  The  engineering 
success  of  HILAT  is  due  to  all  members  of  the  APL 
staff  who  were  part  of  the  Transit  and  HILAT  teams, 
HILAT  was  funded  by  the  Defense  Nuclear  Agency, 
and  launch  activities  were  coordinated  by  the  U.S.  Air 
Force  Space  Division.  The  beacon  experiment  was  built 
by  the  Stanford  Research  Institute.  International;  the 
plasma  monitor  and  the  electron  spectrometer  experi¬ 
ments  were  provided  by  the  Air  Force  Geophysics  Lab¬ 
oratory;  the  vector  magnetometer  experiment  was  built 
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ULTRAVIOLET  IMAGER  OF  ATMOSPHERIC 
EMISSIONS  AND  DAYLIGHT  GLOBAL  AURORAL 
IMAGERY  FROM  SPACE 

C'.-l.  Menu  and  F.  W,  Schenkel 


The  global  auroral  display  over  the  north  polar 
region  has  been  imaged  for  the  first  lime  in  full  sun¬ 
light.  This  was  accomplished  by  means  of  the  Auroral 
Ionospheric  Mapper,  designed  and  built  by  A  PL  in  col¬ 
laboration  with  the  Air  Force  Geophysics  Laboratory. 
The  instrument  was  launched  on  27  June  1983  aboard  a 
low-altitude,  polar-orbiting,  high-latitude  research  sat¬ 
ellite  ( HILA  T,  P83-I)  as  a  joint  venture  of  the  Defense 
Sudeur  Agency  and  the  L'SAF Space  Test  Program. 


BACKGROUND 

The  spatial  and  temporal  variations  of  the  global 
auroral  display  reveal  extensive  information  concerning 
the  configuration  and  dynamics  of  the  magnetosphere. 
Because  the  polar  auroral  phenomenon  is  the  only  "vis¬ 
ible"  consequence  of  the  solar- wind/ magnetosphere 
interaction  that  can  be  sensed  remotely,  the  monitoring 
and  understanding  of  it  has  been  of  major  interest  to 
geophysicists  and  space  physicists.  The  ability  to  ob¬ 
serve  aurora  on  the  sunlit  hemisphere  will  add  impor¬ 
tant  information  to  the  understanding  of  solar  terrestri¬ 
al  processes. 

Auroral  atmospheric  emissions  cover  very  broad 
wavelength  ranges,  from  infrared  to  extreme  ultraviolet 
and  the  short-wavelength  bremsstrahlung  X  rays.  In  the 
visible  and  near-ultraviolet  ranges,  the  most  intense  au¬ 
roral  brightness  can  reach  a  few  hundred  kilorayleighs 
(kR)  per  nanometer,  while  the  Rayleigh  scattering  of 
the  solar  radiance  by  the  atmosphere  is  about  I  O'-  kR 
tint,  making  it  impossible  to  detect  optical  auroral  emis¬ 
sions  in  the  sunlit  hemisphere,  fortunately,  the  atmo¬ 
spheric  effect  is  drastically  different  at  slightly  shorter 
wavelengths.  Radiation  below  about  2(K)  nm  is  totally 
absorbed  by  atmospheric  molecules  and  atoms.  Thus, 
the  corresponding  solar  radiations  can  neither  penetrate 
the  earth’s  atmosphere  nor  be  reflected  by  it. 

Auroral  optical  emission  below  T(H)  nm  was 
found  m  l%0  by  fustic.  t  rosswhilc.  and  Markham 
during  a  sounding  rocket  experiment.  Subsequently,  it 
has  been  demonstrated  that  vacuum  ultraviolet  (VIA) 
auroral  emissions  are  sometimes  delectable  in  full  sun¬ 
light  and  that  the  maximum  contrast  between  the  au¬ 
rora  and  the  dayglow  background  is  in  the  135  to  155 
nm  band,  t  herefore,  it  should  be  possible  to  image  the 
global  auroral  distribution  and  activity  over  the  polai 
regions  in  both  sunlit  and  dark  hemispheres  bv  mom 


toring  atmospheric  emissions  of  the  proper  VUV  wave¬ 
lengths.  The  first  successful  attempt  to  do  this  was 
made  by  the  VUV  imager  aboard  the  H1LAT  satellite, 
which  was  launched  on  27  June  1983  into  an  830  km  cir¬ 
cular  polar  orbit  with  82°  inclination. 

DISCUSSION 
Imaging  Experiment 

Figure  1  is  a  schematic  diagram  of  the  Auroral 
Ionospheric  Mapper  on  the  three-axis-stabili/.ed  Hl- 
LAT.  The  mirror  shown  in  the  nadir  viewing  position 
can  scan  67.2°  in  either  direction  perpendicular  to  the 
satellite’s  flight  path.  The  light  input  from  the  mirror  is 
focused  on  the  entrance  slit  of  the  VUV  spectrometer  by 
an  off-axis  parabolic  telescope.  The  spectrometer  is  a 
l/8-m  Ebert-Fastie  type  and  the  detector  is  an  EMR 
5100  photomultiplier  tube  with  a  cesium  iodide  photo- 
cathode  and  a  magnesium  fluoride  window.  The  en¬ 
trance  slit  of  the  spectrometer  is  1.5  mm,  which  corre¬ 
sponds  to  a  spectral  resolution  of  3  nm;  the  spectrome¬ 
ter  covers  the  wavelength  range  from  about  1 10  to  190 
nm.  The  advantage  of  using  the  spectrometer  as  the  sen¬ 
sor  of  (his  imager  instead  of  a  more  common  photomul¬ 
tiplier  tube  with  a  filter  wheel  is  in  its  ability  to  provide 
measurements  with  a  narrower  wavelength  passband. 

With  this  combination  of  scan  mirror,  telescope, 
and  spectrometer,  the  imager  can  be  operated  in  three 
different  modes.  In  the  imaging  mode,  the  instrument 
provides  global-scale  imagery  of  atmospheric  emission 
at  a  selected  wavelength  in  the  VUV  band.  The  pictorial 
swath  of  about  5000  km  width  is  produced  by  the  com¬ 
bination  of  the  *  -s  cross-track  horizon-to-hori/on  scan 
and  the  forward  motion  of  the  spacecraft,  similar  to  the 
raster  scan  of  a  television  tube.  The  spatial  resolution 
near  nadir  is  about  20  km  along  the  satellite  track  and  4 
km  perpendicular  to  it,  and  it  expands  to  about  90  by  20 
km  near  the  horizon.  There  are  two  other  modes  of 
operation  when  the  scan  mirror  is  locked  in  the  nadir 
direction  —  the  photometer  mode  with  the  spectrometer 
lived  at  a  selected  wavelength  and  the  spectrometer 
mode  in  which  the  grating  rotates 

In  addition  to  t ho  Vf  \  imaging  device,  there 
.lie  two  iiadir-pomtmg  photometers  at  visible  wave¬ 
lengths  1 391  4  and  630  nm)  w  it h  a  I  nm  passband  ( lull- 
width.  hall -maximum).  I  heir  held  ot  view  is  a  25-km- 
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Figure  1  —  S  !i»‘in,i!n  ol  the  Animal  Ionospheric  Mapper  on  the  HILAT  satellite 


ct i.i 1 1 lot ot  circle  that  is  sampled  once  pet  second.  'I  hose 
two  well-known  auroral  iinielcnelhs  base  been  chosen 
in  older  to  monitor  the  total  eneiei  deposition  and  the 
spectial  chataclei  ones  ol  ptecipilalme  electrons.  I  he 
usihic  photometers  opeiate  onl\  in  the  dark  hemisphere 
and  ate  controlled  autoinalicalh  In  sensine  the  earth's 
albedo  bnehtness. 


I )'*•> litihl  Auroral  Imageri 

I  he  amoral  itnuecrv  presented  hole  was  collect¬ 
ed  oiet  the  noithein  hemisphere  in  lull  IMX4  near  snin- 
niei  solstice  when  the  matin  part  id  the  northern  auror¬ 
al  oi  n!  w  a-  iindei  lull  sunlieht  I  he  01  hit  a!  plane  ol  the 
satellite  ts  in  the  dawn-dusk  nietidian  I  mine  d  i  an 
lA.niipli  ol  an  cicuine  p.iss  ii.Kkevt  .it  M’l  on  IX  lull 
lux!  a  ,ihni:t  d'sim  l  I  .  I r  imaees  the  .itnui'phen. 
iionik  oiieeti  emission  at  |b  ('  (  :  1..')  mil  oiei  the 
easiein  pan  of  the  \oiih  \ineiican  comment  and  the 
we  i  iii  pall  ol  ihe  \ilaiiiie  Ocean  ttoin  (  ul'a  to  the 

I  tmtsoi.  So  ait 

Ihe  picluie  covers  .m  aiea  more  111. ill  4(100  kin 
a  all  1 1  i -  pi  e  .ell led  in  I nKe  colot  w  it h  the  color  bai  on 
lie  1 1 eh l  iticlic.it  me  :  ■  iat 1 1  e  hi  leht ness  1 1  oni  ven  intense 
s\  lute)  lo  no  detei  i.ihlc  -ien.il'  below  dx  K.c.ieielis 
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Figure  2  —  Foo'inm)  t  a  v  .a  HIL  A  r  tie  at  APt 
.n  ..‘.in.;  1 1  a  ■  tar  i.  nr-a.l* 

(black)  I  he  belli  blue  backet  omul  is  the  dayclow  ettu- 
'ion  caused  hi  the  mtei  action  between  atmosphen 
molecules  an.1,  atom  and  the  photoelcctions  oeneiate 


h>  solar  I'V  radiation.  I  lie  daik  blue  and  black  on  the 
right  correspond  to  the  transition  into  the  dark  hemi¬ 
sphere.  I  he  calculated  geometric  terminator  on  the 
earth’s  surface  is  shown  for  reference  by  a  vertical 
dotted  line.  I  he  yellowish  green  on  the  left  is  associated 
with  the  limb  brightening  phenomenon  of  dayglow  be¬ 
cause  of  enhanced  volume  per  solid  angle  as  the 
imager’s  field  id  view  moves  toward  the  hori/on.  I  he 
most  evening  part,  the  observation  of  the  evening  au¬ 
roral  oval  extending  across  Hudson  Bay,  is  shown  as 
yellowish-green  structures  above  the  day  glow  back¬ 
ground.  1  lie  structures  tire  clearly  identifiable  even  in 
the  limb-brightening  region.  I  hese  optical  auroral  tea- 
lures  are  detected  more  than  .10(10  km  into  the  daylight 
region;  they  are  show  n  enlarged  nt  fig.  3.  I  he  mam  I  en¬ 
title  is  a  degenerated  westward  traveling  auroral  surge 
thai  appears  as  a  krior  with  twi>  paiallc!  arcs  along  the 
vwal.  I  he  dimension  ot  the  surge  is  about  200  km.  and 
the  discicte  aics  ate  about  20  km  wide  and  20  km 
apai  l . 

I  he  second  example  (lag.  4)  is  an  image  ot  the 
maiot  part  ot  the  auroral  oval  detected  on  22  Inly  1483 
at  about  I  fit  Hi  l  I.  I  he  data  on  this  satellite  pass  were 
received  at  kiruna,  Sweden.  I  he  entire  auroral  oval  was 
in  daylight.  I  he  atmospheric  emissions  monitored  were 
at  14')  3  (  t  1.5)  mil,  from  both  atomic  and  molecular 
nitrogen.  In  (his  picture,  the  sun  is  toward  the  left.  I  he 
amoral  oval  from  afternoon  to  midnight  was  imaged 
above  the  dayglow  background;  its  display  indicates  the 
progress  ot  a  weak  amoral  siibsiorm.  Active  auroras 
were  over  central  and  west  Siberia  near  the  Arctic  coast 
ol  the  Soviet  l  mon.  l  aint  discrete  and  diffuse  auroras 
cvicnded  along  the  afternoon  and  evening  oval.  I  hese 
observed  VIA  annual  teaiures  in  the  sunlit  polar  re¬ 
gion  are  similar  to  auroral  features  of  the  visible  wave- 


Figure  4  —An  image  of  the  maior  part  of  the  auroral 
oval,  indicating  the  progress  of  an  auroral  substorm 


lengths  commonly  observed  over  dark  polar  regions  by 
earlier  spacecraft. 


COM’l.l  SIONS 

Hie  Vl.  V  imager  on  board  Hll  XI  clearly  dem¬ 
onstrates  that  the  global  auroral  display  in  the  local 
summer  polar  region  under  sunlit  conditions  can  lie 
imaged  bv  using  properly  chosen  wavelengths.  1  lie 
earth’s  albedo  and  the  dayglow  background  caused  by 
solar  radiation  previously  have  prevented  annual  oh 
set  v  alums  in  the  v  isihle  and  near  l  V  t  augc'.  I  hat  is  not 
a  formidable  obstacle  tv'  the  described  optical  measure 
mem.  It  is  believed  that  this  was  the  Inst  sitccesstul  at¬ 
tempt  to  image  the  annual  display  m  lull  daylight  and 
that  continuous  and  complete  auroral  monitoring  is 
possible  liotti  space  platlot ms. 
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Figure  3 
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DK.I  I  Al  SK.VAI  PROCESSOR  FOR  I  UK 
(iKOS  A  I  -  A  RADAR  Al  l  IMF  I  KR 


.1.  \.  l‘frM'h>  ami  s.  I.  Oden 


•1  Is  '  (ill:  pulse  i  hhliir  u tlimelei 

In  he  nrhileil  mi  hmird  die  Imui n  t  s/>i/<  <■<  rail  m  hue 
IVS4  will  f>rtn  nle  nnrldnuh  • »  <  i/m •■.hiplin  diilil.  in 
ehnlmv  \eo-\une  inlnrnnilimi  jnd  ,/r:  inpnehiph' 

I  he  (lluiltll  siuiial  prm  ewm  pmlini:  ,•/  lie  iillimelei  dee 
Hires  huh/ r  I  uli'ii  returns  end  />,  r'nrins  nil  rtei  essarx 
phnessme  In  un  mn/'lish  leui  l.nu  i'r,hkirn :  <</  the 
tnet/n'x  su/hiie  Ii/ld  In  derue  st  iei  led  lui'ii/ineru/din 
dilhl. 


mission  requirements  ot  Cieosal-A  required  a  review  ol 
pails  reliability  and  radiation  emironmeni  survivabili¬ 
ty.  I  be  uavelorm  sampler  unit  was  eoniplelely  rede¬ 
signed  10  make  use  of  large-scale  integrated  circuits. 
I  lie  radiation-sensitive  8080  microprocessor  in  the  Sea- 
sat  A  adaptive  tracker  unit  was  replaced  by  the  less  sen¬ 
sitive  8085  microprocessor.  The  acquisition,  (rack,  and 
calibration  algorithms  m  the  adaptive  tracker  unit  were 
redesigned  on  the  basis  ot  in-flight  Seasat-A  ex¬ 
pet  lence. 


HUM. KOI  Nl) 

DISC  TSSION 

I  he  signal  ptocessoi  toi  the  lieosat -A  ladar  al 

lunelei  is  an  extension  ol  the  Seasat-A  radar  altimeter  I  he  altimeter  is  comprised  of  two  major  subsys- 

design.  I  he  transmit  pulse  length  ol  the  altimeter  was  tents:  an  kl  section  and  a  signal  processor  section.  The 

mctcased  liotn  5.2  to  102.4  (is  to  accommodate  a  more  two  primary  outputs  of  the  radar  altimeter  are  the  pre- 

leltable  but  lovvei -povvei  traveling-vvave-tube  transmit-  vision  height  front  which  the  ocean  geoid  and  surface 

let.  lo  accommodate  this  change,  the  dispersive  delay  topography  are  determined  and  the  ocean  wave-height 

line  used  loi  Seasat-A  to  genet  ate  a  5.2  /is  linear  I  \l  estimate.  In  addition,  receiver  gain  control  settings  are 

chirp  pulse  was  replaced  by  a  digital  design  that  getter-  provided  in  the  operate  and  calibrate  modes  for  the  de¬ 
nies  a  102.4  /is  chirp  pulse.  I  he  continuous  wave  ((  vv )  termination  of  the  ocean  surface  reflectivity  .  The  signal 

acquisition  mode  detection  circuit  was  redesigned  and  processor  is  partitioned  into  functional  units  (see  big. 

moved  from  the  synchronizer  lo  the  waveform  sampler.  I ),  each  of  which  is  defined  by  performance  and  inter- 

I  he  synchroni/c!  was  redesigned  to  accommodate  the  face  specifications,  figure  2  is  a  photograph  of  the 

new  long-pulse  radar  timing  requirements.  I  lie  longer  completed  signal  processor. 

Chirped  mode 


data 

Figure  1  —  Tin-  signal  pmcessi ir  interlace  to  the  RF  section  and  the  spacecraft 


Figure  2  —  The  signal  processor 


Waveform  Sampler 

I  lie  basic  function  ol  (lie  waveform  sampler  is  10 
digitize  the  ui-phase  and  quadrature  (I  and  Q)  \ideo  re¬ 
turns  tiom  the  receiver  and  to  store  the  time  domain 
samples  tot  processing  by  the  digital  filter  hank.  During 
each  tadat  pulse  interval,  two  5-bit  analog-to-digital 
conveners  take  64  samples  each  at  a  rate  of  625  kH/. 
which  covets  the  102.4  /is  receive  irate  window;  the 
samples  ate  stored  temporarily  in  two  5  *  64  hit  reg¬ 
isters.  \t  the  end  of  the  receive  gate  sampling/storing 
interval,  the  digital  tiller  hank  begins  reading  out  the  I 
and  <2  data  samples  m  a  repetitive,  nondestructive 
manner  until  processing  is  complete.  When  the  next  re¬ 
sets  e  gate  interval  begins,  the  new  data  samples  are 
written  ovci  the  prev  nnislv  stored  data. 

I  he  wavetorm  sampler  performs  a  secondary 
lunction  dm  me  t  he  t  W  acquisition  mode  of  operation. 
I  he  ukomme  I  and  O  video  is  detected  by  a  full-wave 
testitiei  aikl  dilteieike  amplifier  combination;  the  out¬ 
puts  ,oe  sonip.ued  to  two  thresholds,  and  returns  cx- 
svevhne  those  levels  are  leporled  to  the  synchronizer 
unit  to  de'ei  mine  .isquisition  range  estimates. 

Diuital  I  tiler  Hank 

I  he  d’gital  tiltei  bank  provides  a  spectral  analy¬ 
sis  ot  i lie  video  letiinis  iligin/eil  by  the  waveform 
samplet  Ifcs.uisc  I  he  i.ul.u  pulse  is  licqucncy  modu- 
l.ued.  this  spestial  uiloimalion  provides  range  tor 
Hacking  and  data  toi  the  analysis  ot  ocean  surface 
Jiai  ,k  let  oiks  Dining  the  period  between  receive  gate 
intervals  (approximately  S"  the  digital  filler  per- 
tornis  a  slissieie  I  ouiiei  iraiisloim  ot  the  64  I  and  <2 
time  domain  samples  into  65  power  spectral  samples. 
Sixlv  noiinal  liequeikv  terms  are  lormeil  plus  three 
spesi.illeims.il  band  seiner  I  he  tiller  resolution  is  ap- 
ptoximuielv  III  kll/  1  ach  ol  the  65  filter  responses  is 
deterni.ned  bv  reailine  out  the  sampled  data,  multiply¬ 


ing  them  by  appropriate  sine  and  cosine  teinis.  and  ac- 
cumulalmg  the  results,  finally,  the  I  and  <2  frequency 
terms  are  squared  to  form  power  values  and  are  then 
added  to  give  the  measure  ot  signal  energy  received  at 
that  particular  frequency  increment  As  each  filler 
value  is  computed,  it  is  sent  to  the  adaptive  tracker  for 
further  analysis. 

fine  height  correction  is  also  accomplished  in 
the  filter  bank.  Information  supplied  by  the  synchron¬ 
izer  is  used  to  modulate  the  phasors  in  the  multipliers, 
thus  shifting  the  entire  filter  bank  in  frequency.  The 
digital  filter  bank  module  (shown  in  fig.  5)  is  an  ex¬ 
ample  of  ty  pical  construction  in  the  signal  processor. 

Adaptive  Tracker  l  nil 

The  adaptive  tracker  unit  is  a  microcomputer 
built  around  an  8085  microprocessor.  It  contains  8192 
bytes  of  read-only  program  memory  and  2048  bytes  of 
read-write  storage  memory.  Dual  input  storage  buffers 
alternately  accumulate  radar  return  waveform  sample- 
data  from  the  digital  filter  band  for  50  pulse  returns  and 
hold  the  data  for  processing  by  the  microprocessor. 
Height  tracking,  automatic  gain  control,  and  wave- 
height  estimations  are  then  performed  at  a  rate  of  20  in¬ 
puts  per  second,  based  on  the  smoothed  waveform 
samples. 

Telemetry  data  formatting,  interpretation  of 
commands,  and  control  of  the  altimeter  mode  sequenc¬ 
ing  between  acquisition,  track,  and  calibrate  states  are 
accomplished  within  the  adaptive  tracker  unit,  f  or  that 
purpose,  interfaces  ate  established  with  the  inter¬ 
face  control  unit  and  the  synchronizer  unit. 

Processing  within  the  adaptive  tracker  unit  is 
keyed  to  the  radar  transmit  pulse  that  occurs  every  980 
/is;  that  is  the  highest-priority  normal  interrupt  to  the 
microprocessor.  The  interrupt  initiates  the  data  trans¬ 
fers  to  and  from  the  synchronizer  unit  and  inter¬ 
face  control  unit  that  must  occur  each  radar  trigger.  In 
addition,  a  modulo  100  count  is  maintained  of  the 


Figure  3  —  The  signal  processor  digital  inter  bank 
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RK  SKC I  ION  OK  I  HK  (.KOSAI-A  RADAR  Al  1IMK  I  K  R 

f  .  ( rieriniller  anti  .1 .  Daniels 


I  he  (ieosat  A  mission  was  undertaken  to  satisi\ 
the  need  lor  precise  ocean  waec-heiuhi  anil  to/io- 
graphical  in/ormaiion.  initmeerinv.  anil  llieht  model 
I-' I  anus  hat  e  been  built,  tested,  and  integrated  into  the 
cneineenntt  and  Jliaht  models  ol  the  (ieosat  I  radar 
altimeter  In  I  /’/  . 


HU  M. KOI  \l> 

< ) v c t  the  past  decade.  M’l  hits  participated  in 
space  pi  octants  that  have  signitii.intlv  pushed  the  state 
.a  the  ail  in  pteetse  spacehotne  t.idat  altimettv. 
Mlhoiigh  Seasat  \  had  a  telativelv  sliotl  mission  hie. 
the  qu.thlv  ol  the  altimettv  data  ptovtded  h\  its  \ I ’ I  - 
hath  tadat  alnmelei  eaused  gteat  e\s it etiieni  among  its 
'v  let  hi  Its  and  mi  In  at  \  met '  I  he  ( iei"at  ■  \  mission  was 
undetl.ikcn  to  s.itislv  the  need  lot  ptest's' ose.in  wave 
lieteht  and  ti'pocinphis.tl  mloimation  I  ho  at  lisle  sic 
>iti  hes  the  K I  'eition  ot  the  t  ad  at  alt  imetei  lot  ( ieosat 
V  w  liieh  is  si  lied  u  led  lot  la  line  h  m  Septemhet  I MK4 

DISC  l  SSION 

I  he  eoneeptital  design  ol  the  l ieos.il  \  alnmelei 
k I  section  is  based  upon  that  ot  Seas.it  \  I  lie  desien 
approach  ot  both  was  to  me  oil  the  shell  loniponetils 
as  -inch  as  possible  to  mimim/e  cost 


I  igurc  I  is  a  tuiKtional  bh>ck  dtagtam  ol  the  k! 
section.  I  he  Inc  units  that  lomptue  the  Kl  section  are 
the  tiaschng  wave  tube  (  I  \k  I  )  amplilter.  the  up  conver¬ 
ter  lrei|uencv  multiplier  ll  (  I  Ml.  the  chirp  generator, 
the  microwave  iiansinission  unit  (Mil  l,  and  the  re¬ 
scuer  unit  N  *  MU/  ctvstal  oscillator  reference  signal, 
supplied  bv  the  spasectalt.  is  the  input  to  the  U(iM. 
this  outiiui  ol  the  I  C  I  M  is  used  as  the  input  carrier 
liequencv  lot  the  chit p  generator  ("Chirp"  is  the 
let  in  used  to  denote  a  lineal  I  M  applied  to  radar 
pulses.)  I  he  chirp  generator  lomis  a  chuped  pulse  with 
a  canter  treijuencv  id  250  MU/  1  hat  pulse  is  returned 
to  the  ICTM  vvhete  n  is  up  converted  to  a  chirped 
transmission  t requeues  ol  1 5.5  OH/  and  a  lirst  local  os- 
sillator  (1  O)  liequencv  vd  15.0  OH/.  Precise  height  in- 
torniation  is  obtained  bv  operating  on  the  frequenev  in- 
lot mation  that  results  when  the  chirped  ocean  return  is 
nuved  with  a  siniilat  Iv  chirped  1  ( )  pulse. 

Ills'  15.5  (•'.!/  chirped  pulse  from  the  L'C'FM 
sir  tv  s'-  the  I  I  amplilter,  the  alttmetet’s  kl  power 
tube  Ihe  I  I  amplilter  output  pulse  is  routed  via  the 
switching  network  ol  the  Mil  to  the  antenna  of  the  ra- 
vlat  alnmelei  where  it  is  radiated  to  the  ocean  below. 

I  he  ocean  surface  return  is  transferred  from  the 
antenna  to  the  Mil  where  the  signal  is  amplified  and 
the  lust  liequencv  down  conversion  (to  a  500  MU/  II  ) 
takes  place  lhe  return  signal  continues  to  the  receiver 


Figure  1  —  Tm-  or  .*•  t-  >-w  t  thu  ,'..it  A  i.nt-n  .iitimi-O-i 


Microwave  Transmission  l  nil 


unit  where  it  is  adjusted  to  a  particular  amplitude  by  an 
automatic  gain  control  (AG(')  and  down  converted 
again  to  extract  two  channels  of  video  separated  in 
phase  by  90°.  Those  signals  are  then  output  to  the  sig¬ 
nal  processor  section  ot  the  radar  altimeter. 

Although  the  initial  plan  called  lor  an  altimeter 
using  the  Seasat-A  design,  the  18  month  mission  design 
goal  of  Geosal-A  was  not  compatible  with  the  2.5  kW 
TWT  amplifier  used  as  the  power  amplifier  in  the 
Seasat-A  altimeter.  A  space  qualified  TWT  amplifier 
having  approximately  22  W  of  kl  output  power  and 
easily  able  to  meet  the  Cieosat-A  mission  life  goal  was 
located. 

A  technique  long  used  by  radar  designers  to  re¬ 
duce  transmitter  power  while  maintaining  maximum 
detection  range  was  the  primary  way  to  compensate  for 
the  loss  of  HI  power.  The  width  of  the  transmitted  pulse 
was  increased  so  that  the  total  amount  of  energy  in  the 
pulse  (i.e.,  the  product  of  pulse  amplitude  and  pulse 
width)  remained  unchanged.  A  system  design  problem 
is  normally  associated  with  that  technique.  An  in¬ 
creased  pulse  width  usually  results  in  a  decrease  in  range 
resolution;  however,  because  the  Cieosat-A  altimeter 
makes  its  height  measurement  by  operating  on  the  chirp 
modulation  rather  than  in  the  time  domain,  the  resolu¬ 
tion  trade-off  does  not  apply. 

Several  modifications  to  the  Seasat-A  Kl  design 
became  necessary  in  order  to  accommodate  the  substan¬ 
tial  increase  in  pulse  width.  They  are  discussed  below. 

TWT  Amplifier 

The  Cieosat-A  TWT  amplifier  was  procured 
under  a  subcontract  from  Watkins-Johnson.  The  unit 
provides  approximately  22  W  of  Kl  output  power  at  the 
13.5  CiH/  transmission  frequency. 


C  hirp  (Generator 

The  heart  of  the  chirp  generator,  which  was  the 
unit  most  affected  by  the  increase  in  pulse  width,  was  a 
surface  acoustic  wave  device  supplied  by  Andersen  Lab¬ 
oratories.  A  similar  device  capable  of  handling  the 
compression  ratio  associated  with  the  large  (  =  100  ;<s) 
Geosat-A  pulse  would  have  been  beyond  the  state  of  the 
art;  therefore,  a  completely  different  design  approach 
was  taken.  The  Cieosat-A  chirp  generator,  referred  to  as 
the  digital  chirp  generator,  was  a  joint  effort  by- 
engineers  for  the  digital  and  Kl  parts  of  the  altimeter. 
The  linear  frequency  was  generated  digitally  and  then, 
by  means  of  Kl  techniques,  a  chirp  pulse  with  the 
desired  pulse  width  and  carrier  frequency  was 
formed. 


The  MTU  perfoims  the  necessary  switching  of 
transmit  and  receive  signals,  including  isolating  the  re¬ 
ceiving  channel  from  TWT  amplifier  noise  power  while 
the  altimeter  is  waiting  for  the  ocean  return.  This  new 
function  was  needed  because  the  Geosat-A  TWT  ampli¬ 
fier,  unlike  its  Seasat-A  counterpart,  cannot  be 
switched  off  between  pulses  to  cut  out  TW  T  amplifier 
noise. 

The  MTU,  as  noted  earlier,  also  performs  the  in¬ 
itial  functions  of  a  receiver  (i.e.,  signal  amplification 
using  a  low-noise  preamplifier  and  frequency  down 
conversion  to  II ). 

Other  MTU  functions  include  providing  a  chan¬ 
nel  to  monitor  the  I  WT  amplifier  output  power  and  a 
way  to  calibrate  the  altimeter.  The  calibration  is  done 
by  coupling  the  transmit  signal  through  a  channel 
known  as  the  calibration  path  where  it  is  attenuated  and 
then  injected  into  the  receiver  channel.  The  calibration 
path  includes  a  programmable  pin  diode  attenuator;  by- 
varying  the  loss  in  the  known  increments  of  the  calibra¬ 
tion  path,  changes  in  the  operational  signal  path  can  be 
simulated  and  the  system  calibrated.  The  greatest  chal¬ 
lenge  in  building  the  MTU  has  been  to  isolate  the  cal¬ 
ibration  signal  from  leakage  through  the  normal  opera¬ 
tional  path  and  from  Kl  interference  (RID  from  parallel 
paths  of  unknown  origin. 

Several  modifications  have  been  made  to  the 
Geosat-A  MTU  to  improve  the  calibration  path  isola¬ 
tion: 

1.  Separating  the  MTU  switching  assembly  into 
three  components  to  better  isolate  each  por¬ 
tion  from  parallel  path  Kl  I, 

2.  Using  an  iridite  (conductive)  finish  on  the  ex¬ 
terior  surface  of  the  waveguide  components 
rather  than  the  typical  painted  finish  that 
might  protect  surface  currents  from  attempts 
to  break  them  up, 

3.  Adding  a  metal  enclosure  to  isolate  the  MTU 
from  potential  external  leakage, 

4.  Using  Kl  absorbing  material  to  attenuate  the 
Kit. 

Kl  absorbing  material  was  used  to  line  the  enclo¬ 
sure  and  baseplate.  It  also  was  glued  to  sheet  metal  baf¬ 
fles  placed  between  the  channels  to  break  up  radiation 
within  the  box  and  was  used  as  a  wrapping  for  key 
power  and  control  harnesses  to  attenuate  any  Ki  t  on  the 
wires. 

Receiver  Unit 

The  receiver  unit  consists  of  an  AGC  module,  an 
in-phase  quadrature  (I  Q)  module,  and  matched 


Up  converter/ 
frequency 
multiplier 


TWT  amplifier 


Figure  2  —  The  flight  model  RF  deck 


phase-quadrat urc  video  channels.  I  he  ACIC  module 
ensures  that  a  lived  virtual  amplitude  is  sent  to  the  virtual 
processor  section.  The  I  Q  module  use  the  500  MU/ 
I  O  virtual  from  the  CCTM  to  perform  the  second  fre¬ 
quency  down  conversion.  I  he  down  conversion  pro¬ 
duces  two  video  signals  that  are  in  phase  quadrature. 
The  signals  are  filtered  and  amplified  before  being  sent 
to  the  signal  processor. 

I  he  ACiC  and  I  Q  modules  have  been  designed 
using  off-the-shell  microwave  integrated  circuit  compo¬ 
nents  rather  than  the  discrete  components  used  to  build 
the  Seasat-A  receiver.  Such  components  are  readily 
available  and  mount  directly  to  printed  circuit  boards, 
thereby  significantly  reducing  module  si/e  and  weight 
compared  to  those  ol  a  discrete  component. 

I  p  Converter  Frequency  Multiplier 

Ihe  I'CI-M  uses  the  5  Mil/  reference  input  tv' 
generate  lour  output  signals:  a  125  MHz  commons  sig¬ 
nal  that  is  used  as  a  chirp  generator  input,  the  1 3.5  OH/ 
pulse  (with  or  without  chirp  modulation)  that  drives  the 


TWT  amplifier,  the  13.0  CiH/  first  l  ()  signal  used  in 
the  initial  down  conversion  of  the  radar  return  in  the 
M  TCI .  and  the  500  MH/  1.0  signal  for  the  second  (l/Q) 
down  conversion  in  the  receiver.  This  unit  was  original¬ 
ly  procured  under  subcontract  from  /.eta  I  aboratories 
for  the  Seasat-A  Program.  Only  minor  design  modifica¬ 
tions  were  needed  for  (ieosat-A. 

resting  and  integration 

Engineering  and  flight  model  Kl  units  have  been 
built,  tested,  and  integrated  into  the  engineering  and 
flight  models  of  the  Oeosat-A  radar  altimeter.  The 
flight  model  Kl  deck  is  shown  in  big.  2. 
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UPGRADE  OF  THE  APL  60-FT  DISH  ANTENNA 
CONTROL  SYSTEM 

K.  I  .  Konigsberg,  V.  K.  Neradka,  and  T.  M.  Rankin 


The  drive  and  control  system  for  the  APL  60- ft 
parabolic  dish  antenna  has  been  redesigned  in  order  to 
meet  pointing  requirements  for  the  reception  of  S-band 
Jrequency  energy  from  the  Geosat-A  satellite  following 
Us  launch  in  1984.  Using  the  Landsat-D  satellite  as  a 
test  target,  dish  pointing  errors  of  less  than  0.05°  and 
peak  81  pointing  errors  of  less  than  0.1°  hate  been 
demonstrated.  The  system  was  used  successfully  to  sup¬ 
port  the  Hilul  satellite  launch  operations  during  July 
and  August  1985. 

BACKGROUND 

The  60-ft  parabolic  dish  antenna  (Fig.  I)  has 
probably  been  the  most  readily  recognized  facility  of 
the  Laboratory  since  its  erection  in  1962-1963  by  Philco 


Figure  1  —  The  APL  60-ft  dish  antenna 


Western  Development  Laboratories.  The  facility  has 
supported  reliably  the  development  and  operation  of 
the  Navy  navigation  satellites  at  150  and  400  MFlz.  In 
the  summer  of  1982,  it  was  proposed  that  the  antenna 
be  used  to  acquire  data  from  th;  Geosat-A  satellite, 
which  will  transmit  data  in  the  S-band  frequency.  The 
reliable  reception  of  data  from  satellites  of  opportunity 
at  that  frequency  proved  to  be  impossible.  A  detailed 
engineering  evaluation  showed  that  a  complete  drive 
and  control  system  redesign  was  necessary. 


DISCUSSION 

The  task  consisted  of  (a)  redesigning  and  fabri¬ 
cating  new  control  system  electronics  using  modern 
technology,  (b)  completely  rebuilding  all  hydraulic 
components,  and  (c)  rebuilding  all  mechanical  drive 
components  (including  the  2.5  ton  gearboxes). 

The  newly  designed  and  fabricated  servo  elec¬ 
tronics  were  connected  to  a  complete  single-axis  hybrid 
simulation  of  the  antenna  in  the  APL  Inertial  Labora¬ 
tory  using  the  actual  antenna  resolver  for  feedback 
from  the  servo  rate  table  to  simulate  antenna  axis 
rotation.  By  means  of  the  simulation,  the  antenna  servo 
rate  loops  and  position  control  loops  (which  contain  an 
imbedded  microprocessor)  were  tested,  debugged,  and 
optimized  before  actual  integration  into  the  antenna. 

The  antenna’s  main  bearings  were  found  to  be 
in  excellent  condition  during  an  on-site  investigation  by 
their  manufacturer,  but  the  large  gearboxes  showed 
excessive  wear.  They  were  removed  and  shipped  to  their 
manufacturer  for  overhaul.  All  hydraulic  components 
in  the  drive  system  were  either  overhauled  and  tested  in 
the  APL  hydraulics  laboratory  or  returned  to  the  manu¬ 
facturer  for  overhaul.  The  large  hydraulic  snubbers, 
which  are  required  to  preclude  the  possibility  of  a  run¬ 
away  antenna  and  are  of  particular  concern,  were  com¬ 
pletely  rebuilt.  To  generate  the  equivalent  of  the  maxi¬ 
mum  torque  of  1,000,000  ft -lb  that  may  be  required  of 
the  snubbers  in  use,  they  were  temporarily  plumbed 
into  the  antenna's  hydraulic  supply  and  tested  for 
proper  rate  control  and  snubbing  action  prior  to  rein¬ 
stallation  on  the  antenna. 

Figure  2,  a  block  diagram  of  the  antenna  control 
system,  shows  the  dedicated  HP  9836  pointing  comput¬ 
er  that  computes  at  1  Hz  the  predicted  position  com- 


Figure  2  —  The  antenna  control  system 


mantis  front  the  satellite  Kepler  elements  and  inputs  16- 
hit  position  commands  to  the  microprocessor.  The  mi¬ 
croprocessor  linearly  interpolates  betweeen  discrete  l-s 
input  position  commands  at  a  32  H/  rate,  comparing 
each  interpolated  command  position  ssith  the  actual 
antenna  position  that  is  obtained  trom  the  antenna 
shaft  angle  encoder  l  he  resulting  difference  is  output 
for  each  axis  by  a  16-bit  digital-to-analog  converter. 
I  fins,  the  output  represents  the  error  signal  needed  to 
close  independently  each  ol  the  two  position  control 
loops,  f  he  microprocessor  has  its  o\sn  accurate  internal 
clock  to  generate  the  12  H/  commands.  It  also  synchro¬ 
nizes  this  internal  clock  to  the  station  l  H  l-pps  refer¬ 


ence  clock  when  it  is  commanded  to  “begin  track"  by 
the  HP  98.16 

To  minimize  pointing  error  while  pointing  dy¬ 
namically  at  satellites,  a  type  II  servo  loop  has  been  im¬ 
plemented  with  an  acceleration  constant  of  0.19  s 
The  resulting  maximum  dynamic  pointing  error  ex¬ 
pected  for  Cieosat-A  is  <0.02°.  Figure  3,  a  block  dia¬ 
gram  of  the  servo  loops,  shows  the  basic  blocks  of  the 
design  and  the  overall  equivalent  open-loop  transfer 
function  that  defines  the  dynamic  performance  and  the 
acceleration  constant.  lo  provide  rapid  repositioning 
and  stowing  ot  the  antenna,  mode  switching  o 


Figure  3—  The60  *t  antenna  so'v*’  Wp»'  II  nuutf 


automatic  if  the  error  angle  exceeds  0.9°.  At  that  error 
level,  the  system  switches  from  type  II  to  the 
unconditionally  stable  type  I  system  response.  When 
the  error  drops  to  below  0.25°,  the  system  reverts  to  the 
more  accurate  and  responsive  type  11  system.  The  elec¬ 
tronics  are  also  designed  to  be  antenna-rate  and  acceler¬ 
ation  limiting  to  preclude  undue  stresses  on  the  drive 
system  mechanical  components,  thereby  extending  the 
expected  life  and  reliability  of  the  facility. 

The  dynamic  performance  requirements  of  the 
servo  electronics  are  not  dictated  by  actual  satellite  line- 
of-sight  dynamics  but  by  the  disturbances  caused  by 
wind-turbulence-induced  torques.  To  study  the  effects 
of  those  disturbances  and  to  serve  as  a  guide  during  the 
development  of  new  circuitry,  a  nonlinear,  discrete 
computer  simulation  of  the  antenna  was  developed.  The 
servo  dynamics  were  designed  with  as  broad  a  band¬ 
width  as  reasonable,  while  retaining  adequate  stability 
margins.  Figured,  which  contains  typical  Bode  plots  of 
the  measured  antenna  performance,  shows  phase  and 
gain  margins  from  the  open-loop  curves. 


CONCLUSIONS 

The  complete  pointing  system  was  tested  and 
evaluated  using  the  l  andsat-D  satellite  as  an  S-band 


Figure  4  —Measured  dynamic  performance  of  the  60-tt 
dish  antenna  servo 


target.  The  total  Rl  boresight  pointing  errors  were  mea¬ 
sured  by  scanning  mechanically  0.25°  at  1  Flz  and  ob¬ 
serving  the  received  Rl  automatic  gain  control  signal. 
The  manual  closing  of  an  Rl  track  loop  around  the 
pointing  system  during  the  satellite  passes  enabled  the 
measurement  of  the  amount  of  manual  correction 
needed  to  null  track  errors.  Analysis  of  the  data  from 
about  30  satellite  passes  has  shown  that  the  dish  servo 
and  reflector  are  dynamically  better  than  0.05°  and  that 
the  overall  Rl  pointing  error  using  satellite  orbital  pre¬ 
dictions  is  less  than  0.1°.  This  performance  exceeds  the 
requirements. 

During  the  summer  of  1983,  the  APL  Satellite 
Tracking  Facility  entered  a  new  era  of  reliability  with 
automation  by  digital  control.  Beginning  with  the  Geo- 
sat-A  launch  in  1984,  the  facility  will  track  four  passes  a 
day  until  approximately  2200  passes  have  been  accumu¬ 
lated.  It  is  estimated  that  over  the  next  two  years  the 
total  use  of  the  facility  will  exceed  its  use  from  its 
inception  in  1963  through  to  the  1983  upgrade. 
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.1  preliminary  system  design  i nut  integration 
study  oj  an  alternate  hue  guidance  sensor  in  control 
and  stabilize  llw  S  I  S  I  S /nice  I clcsco/>e  has  hi'cn  com¬ 
pleted.  I  he  S/>aee  lelcsco/ic  mast  maintain  a  / nnntttn ; 
stability,  relcrenced  to  se/eeted  guide  stars,  ol  0.0(1? 
arcs  (la).  I  he  reenninienileil  sensor  consists  id  an 
electrostatically  .locu.seil  Pigicon  tube  that  i wanes  a  de¬ 
sired  mode  star  on  a  tour-element  silicon  detector  array 
operated  in  a  photon  counting  mode.  An  algorithm  lor 
image  i/uuditiiil  inlensin  balancing  is  used  to  maintain 
the  guide  star  position  at  the  sensor  boresight  position, 
thus  del  eloping  an  error  signal  lor  S pace  telescope 
pointing  control,  the  pertorniance  id  the  system  has 
been  analyzed  In  means  oi  a  single  asis  simulation  oj 
'space  lelcsaipc  dynamics  and  lias  been  compared  with 
both  the  ong  mill  system  tmd  with  other  possible  control 
concepts. 

K\(  K(.KOI  SI) 

I  lie  baseline  line  guidance  system  (I  (iS)  lot  the 
Space  I  eleseope  (SI  )  uses  a  koesters  prism  inlcrteiom- 
eler  to  sense  I  he  naielmm  nil  ot  light  Itom  a  enisle  slat 
telative  lo  I  lie  S  I  boresight  axis.  I  lie  nilei  letomctei  has 
.1  nsahle  angular  line-luck  ranee  ot.  al  inosi.  •  0.04 
ais*s.  out  side  ol  which  t  he  telescope  pointing  accuracy 
is  nncei lain  lo  within  se\ eial  aie  seconds.  I  ins  eluirae 
leiislic.  togelhet  with  the  possible  existence  ol  enviion 
menial  and  spacecraft-generated  disturbance  torques  ol 
'iillieient  magnitude  lo  ic'iili  in  loss  ,>l  line  lock, 
called  concern  as  to  uheihei  lire  baseline  system  could 
ineel  iheSI  poinline  'tahihtv  I  equii  einein -.  I  hese  and 
olhei  issue-  led  lo  the  nnplenienial ion  ol  an  Mtemale 
I  me  (  nndniisc  Seiooi  IMoginm  al  M’l  .  sponsoicd  b\ 
\  AS  A  -  Marshall  Sp.tss  I  belli  (  elilei.  with  \\  (. 

I.i'lie  ol  III!  '  Homewood  s.impus  a-  ihe  1’iincipal 
I  n  v  e-l  leal  oi  Ihe  I  In  ce  eoal  -  ol  l  he  pi  oei  a  in  were  lo  de 
velop  a  pi  clnnmni  v  ahein.ne  'eiisoi  de>ien  t li.it  could 
incei  ihe  spctitisnlioii'  with  niininmin  pioei.nn  impact, 
lo  a-sc"  Ihe  ,o-l  ami  schedule  tvspniements  toi  nils' 
■■'i.iiine  tin-  sensor  :nio  the  cxi'line  -p.i.e.iall.  aiul  lo 
idenrilv  appiopnale  r  tisl  1 1  s  ( r  r.i  I  learn  loi  rln  .ua’in 
ph  -h  incut  ol  the-  u oi  k  .  should  II  be  I c<|un ed 

l)|S(  [  *sS|0\ 

Sensor  Selection 

linli.il  wmk  al  MM  .cu.cird  aiound  a  siiuf.  o' 
Ihe  os  el  all  S  I  ■ v  stein  lo  uiulei  a  ami  the  on  iioiiiiiinl  in 


which  the  alternate  sensor  was  required  lo  operate,  in 
order  lo  allow  a  credible  recommendation  lo  be  made. 
I  he  results  are  reported  in  Ret  .  1 .  In  parallel,  the  analy¬ 
sis  ol  carious  candidate  sensor  concepts  was  under¬ 
taken.  with  the  eoal  ot  identifying  sensors  most  suited 
to  the  program  requirements. 

Ihe  emphasis  during  this  study  was  on  the  re¬ 
quirements  ol'  a  retrofit  design.  I  o  be  \  iable  as  a  back¬ 
up  or  an  alternative.  a  sensor  was  sought  that  would 
satisfc  the  accepted  SI  science  requirements  while 
providing  more  flexible  performance  characteristics 
than  the  baseline  approach.  Ihe  "best"  design  was 
considered  to  be  one  that  would  have  the  least  effect  on 
the  overall  SI  ptogram,  should  conversion  be  required. 
Ihe  sensor  should  be  conceptually  and  operationally 
simple,  pose  leasouablc  rcquiicmenis  lot  integration 
iiilo  the  present  spacectalt.  and  muoduce  minimum 
cost  and  schedule  perturbations. 

Six  appioaches  wete  examined  dining  the  course 
ol  the  study : 

1.  Soltvvaie  enhancements  to  ihe  baseline 
system; 

2.  Alt  optical  split i et  that  would  divide  a  stat 
image  into  lout  sepaiate  beams,  which  ilien 
would  be  touted  lo  the  existing  I  C  iS 
photomultipliet  tubes,  generating  signals  to 
be  used  in  a  quadi ant  detection  scheme; 

V  Image  dtsseclot  tubes,  opetated  essentially  as 
siai  nackers,  but  using  SI  optics  instead  ol 
the  normally  'inallci  star -(racket  imaging 
sv  stem; 

4  Solid  state  scanned  at  lays  opetated  the  same 
wav  as  described  lot  item  V 

'  A  nnciochannel  plate,  operable  either  as  an 
an. iv  sensor  or  in  a  quadrant  anode  eontigu- 
i  al  ion; 

n  An  electrostatically  tocused  Digicon  setisoi 
operated  as  a  quaditiul  detector  but  with  the 
possibility  ol  using  a  detector  configuration 
having  tin  ontei  "guard  ring"  for  coarse 
conrtol. 

<  >ui  siudies  showed  technically  plausible  wavs  in 
which  cash  appioach  could  be  used  in  the  system.  How 
evet.  on  the  basis  ,q  cuiient  inlortuation.  the  clcctto- 
'lalisallv  locii'Cil  quadtant  Digicon  (1  I  f,)l))  marketed 
In  the  I  lectionic  A  isnni  Systems  Division  ol  Science 
Applis. moils  ||K  is  the  seitsoi  that  best  lits  the  guisle- 
Imes  ami  s  on  ti  amt  -  apptopi  late  to  a  tell  s'l  it  design. 
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lace  requirements; 

12  Imaging  optics  requirements  and  design. 

In  contrast  to  the  interferometer,  the  alternate 
sensor  design  requires  that  a  real  star  image  be  formed 
and  thus  necessitates  the  use  ol  a  re-imaging  ss stern 
ahead  ol  the  Digicom  I  he  required  analysis  was  pre¬ 
sided  bs  Das  id  (Ires  Associates  under  subcontract  to 
AIM  .  Mans  ol  the  sensor-related  topics  were  ad¬ 
dressed  by  the  Digicon  sender,  also  under  subcon¬ 
tract.'  sc h i I e  the  system  integration  issues  were  exam¬ 
ined  bs  the  API  stall.  All  were  lasorabls  resolsed. 


Figure  5  —  Diagram  ol  t tu ■  KPI 
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NASA  GROUND  TERMINAL 

FAULT  ISOLATION  ANI)  MONITORING  SYSTEM 

I).  K.  Buchhulz,  A.  .1.  Cote,  Jr., 
and  P.  .1.  Grunberger 


V.-I.S.-t  is  replacing  most  of  us  Spaceflight  Truck¬ 
ing  ant!  Data  Set  work  of  ground  stations  with  two  Track¬ 
ing  and  Data  Relay  Satellites  operating  at  synchronous 
altitudes  and  u  single  ground  station  situated  at  U'hite 
Sands.  V.  Mex.  The  Trucking  and  Data  Relay  Ground 
Segment  (TDRS-GS)  of  the  ground  station  provides  the 
interfaces  between  the  satellites  and  the  network.  The 
V-l.S.  l  Ground  Terminal  provides  the  interfaces  among 
the  TDRS-GS.  Vl.S.-l  Communications  tXASCOM),  and 
the  S'etwork  ( 'ontrol  (  enter  at  the  Yt.S.-t  Goddard  Space 
I  light  (  enter. 

ART  was  given  the  responsibility  for  designing  a 
f  ault  Isolation  and  Monitoring  System  as  part  of  the 
Ground  Terminal  to  provide  qualitative  and  quantitative 
assessments  of  the  communication  between  the  TDRS- 
GS  and  the  S’etwork  Control  Center.  Monitoring  lakes 
place  both  before  and  after  the  interfaces  to  the  ,\ AS¬ 
CI  )M  lines.  APT 's  effort  included  the  development  of 
all  the  software  am i  the  fabrication  of  some  of  the  sub 
systems  in  the  facility.  The  installation  of  the  system  was 
completed  and  the  final  software  package  was  delivered 
in  Xovembcr  IW2.  The  system  is  now  in  routine  use. 


DISCI  SSION 


nection  in  t he  main  data  path  between  the  Tracking  and 
Data  Relay  Ground  Segment  (TDRS-GS)  and  the  NASA 
C  ommunications  (NASC'OM)  data  path.  The  monitored 
data  are  routed  within  the  system  to  the  frame  analyzer 
hardware  whose  outputs  are  routed  to  the  system  com¬ 
puter.  There,  data  are  processed  for  transmission  back 
to  the  Network  Control  Center.  Data  characteristics  are 
observable  at  an  operator  console. 


Opera) ional  Characteristics 

figure  2,  an  operational  view  of  the  system,  con¬ 
veys  the  data  How  and  identifies  the  major  lilt's  and  opera¬ 
tional  tunctions. 

I  he  system  is  assigned  monitoring  tasks  by  means 
ol  s. Ted  tile  messages  that  originate  at  the  Net  wot  k  Con 
Hole  entei  and  are  sent  In  the  data  line  I  Ite-e  incoming 
messages  are  uveived  automatically  and  placed  into 
I'lillcis,  Receipt  is  noted  in  an  activity  log;  the  content 
is  esti. Med.  placed  into  an  aJnnmstiativc  message  file, 
and  punted  at  the  opetatoi's  option  Ibis  teception 
pio.ess  i.  automatic  and  melt  ties  an  alett  to  the  opeia- 
toi  .  on -ole  mdii.it  me  ai  i  iv  a  I  ol  the  message  \  commit 
in.  at  ion-  .ci  v  i.e  a v  aila hie  at  the  opet  atot  console  pei  nuts 
a..."  to  the  actum  loe.  the  aleits  table,  and  the  con 
■cii-  ot  the  admim.t i a: n c  message  tile 


f  igure  1  is  an  overview  of  the  I  atilt  Isolation  and 
Monitoring  System  All  data  to  he  analyzed  enter  through 
the  distribution  and  switching  system  via  a  "tee"  con 


-thdtr' 


Fault  Isolation  and  Monitoring  System 


Figure  1—  The  Fault  Isolation  and  Monitoring  System. 


Assignment  messages  identify  the  data  links  to  be 
monitored,  the  time  span  of  the  monitoring,  the  data 
stream  characteristics,  and  other  information,  as  required. 
Initial  analysis  of  the  data  stream  is  performed  by  the 
frame  analyzers,  each  of  which  is  connected  to  its  assigned 
stream  by  the  distribution  and  switching  system.  The  con¬ 
nections  between  analyzers  and  streams  are  not  fixed  but 
are  established  by  means  of  the  control  console  as  needed 
to  support  a  particular  mission’s  monitoring  re¬ 
quirements. 

l  ach  frame  analyzer  is  "set  up”  or  initialized  from 
the  operator  console  to  ensure  compatibility  with  the  data 
stream  and  to  establish  the  range  and  character  of  the 
parameters  to  be  monitored.  Files  of  such  setups  can  be 
established  in  advance  of  a  mission  and  assigned  individu¬ 
ally  or  in  groups  to  one  or  several  analyzers,  respective¬ 
ly.  l  or  example,  the  frame  analyzer  can  be  set  to  start 
and  stop  automatically  at  specific  times  to  encompass  a 
particular  data  stream  support  interval. 

Frame  analyzers  produce  packet  reports  that  are 
processed  and  analyzed  automatically  to  generate  dynam¬ 
ic  and  pass  summary  reports.  Dynamic  reports,  which 
convey  the  state  of  the  stream  at  5-s  intervals,  can  be 
transmitted  automatically  back  to  the  Network  Control 
Center  as  they  are  received.  The  operator  can  examine 
both  types  of  reports  at  his  console  as  they  are  generated 
during  the  course  of  the  mission. 


A  dynamic  report  contains  nine  items  of  infor¬ 
mation,  including  the  state  of  the  monitoring  analyzer, 
a  count  of  good  frames  received,  a  count  of  expected 
frames,  and  the  bit  error  rate.  A  pass  summary  report 
has  eight  items,  including  the  total  of  good  frames  re¬ 
ceived,  the  percentage  of  good  frames,  the  times  of  ini¬ 
tial  acquisition  of  signal  and  last  loss  of  signal,  and  the 
bit  error  rate. 

Kquipment  Configuration 

Figure  3  is  a  detailed  view  of  the  equipment  con¬ 
figuration.  The  data  streams  are  allocated  to  the  analyz¬ 
ers  by  two  types  of  switches  that  comprise  the  distribution 
and  switching  system.  Type  I  handles  signals  with  rates 
up  to  12  megabits  (Mb)  per  second  while  type  2  supports 
streams  up  to  85  Mb  's. 

Similarly,  there  are  two  types  of  analyzers:  32  type 
I  units  (designed  and  built  by  API.)  and  four  type  2  units 
(government-furnished  equipment).  Type  1  data  can  be 
simulated  by  means  of  a  pulse  code  modulation  (PCM) 
data  generator  while  type  2  streams  are  synthesized  by 
simulators  built  into  the  type  2  analyzers. 

All  the  analyzers  are  interfaced  through  a  data 
communications  multiplexer  to  a  minicomputer  that  hosts 
the  operational  software.  The  host  computer  has  a  nor¬ 
mal  complement  of  peripherals  plus  a  high-speed  data- 
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sei  controller  th.it  pros  ides  the  link  to  the  Network  C  on- 
ttol  (  enter  il.it. i  line 

Software  Description 

[  igure  4  illustrate'  the  role  ol  the  software  and 
its  interactions  with  the  in.iior  hardware  element'.  Out¬ 
put  product'  ot  a  block  ort  the  main  diagonal  ot  the  figure 


are  shown  on  a  horizontal  line  connected  to  the  block; 
input'  to  a  block  are  depicted  along  a  vertical  line. 

There  are  lour  categories  of  software  modules: 
analyzer,  communications,  service,  and  terminal.  The 
concurrent  execution  of  multiple  tasks,  regulated  b\  task 
priority,  is  managed  by  the  computer's  operating  svstem 
Ihc  role  of  the  modules  in  system  operations  (fig.  2)  is 
as  follows. 
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Figure  3  —  Details  of  the  equipment  configuration. 


Administrative  messages  arrive  through  the  data¬ 
set  controllers  and  are  transferred  to  the  message  but¬ 
lers.  I  he  message  content  is  placed  in  a  file,  and  acknowl¬ 
edgment  and  alert  activities  are  initiated.  The  alert  reaches 
the  operator  b>  means  of  a  sereen-update  program.  W  ith¬ 
in  the  service  console,  a  separate  program  manages  the 
keyboard,  the  screen,  and  transfers  between  the  host  and 
the  console.  On  the  host  side  of  the  interface,  screen  up¬ 
dates  originate  with  one  program  while  another  supports 
the  service  being  used  by  the  operator.  Such  service  sup¬ 
port  involves  managing  files  and  buffer  interfaces  with 
analy/cr  and  communications  software. 

i  here  arc  five  available  operator  services,  and  each 
presents  the  operator  with  one  or  more  screen  image  op¬ 
tions.  The  images  share  a  common  field  format,  with 
fields  for  prompts,  alerts,  error  messages,  function  key 
labels,  and  the  main  data  field.  An  example  is  shown  in 
I  ig.  5.  where  the  main  field  i  split;  the  right  side  depends 
on  a  selection  made  by  positioning  the  cursor  on  the  led. 
Function  kev  labels  at  the  bottom  of  the  screen  indicate 
the  current  role  of  certain  keys  on  the  operator  console. 
I  trey  are  used  to  change  the  service,  the  frame  within  the 
current  service.  01  the  state  of  the  system. 

When  an  operator  initializes  a  I  tame  analyzer  m> 
mg  such  a  set  v  ice.  the  serv  ice  piogram  lorw ards  t he  sup 


port  request  to  the  analyzer  software.  It  then  sends 
commands  to  the  specific  analyzer  hardware  unit  that  was 
requested.  As  the  data  streams  are  monitored,  all  active 
analyzers  are  reporting  results  by  putting  out  periodic 
packet  reports.  Those  reports  are  fielded  by  preposted 
read  requests  initiated  by  the  analyzer  software.  They  are 
subject  to  further  processing  to  produce  the  statistics  re¬ 
quired  for  the  dynamic  and  pass  summary  reports.  This 
report  composition  software  sends  the  reports  to  the 
screen  and/or  the  message  transmission  software,  as  ap¬ 
propriate. 


SUMMARY 

The  I  ault  Isolation  and  Monitoring  System  pro- 
v  ides  a  measure  of  the  quality  of  data  received  from  the 
TDRS-CiS.  The  use  of  software  is  a  flexible  way  to  allo¬ 
cate  hardware  resources  among  the  various  data  streams 
and  to  manage  the  presentation  and  communication  of 
the  various  data  products. 
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REENTRY  THERMAL-RESPONSE  PREDICTION'S  FOR  THE 
GENERAL-PURPOSE  HEAT  SOURC  E 

I’.  I .  Bren/a  and  I).  \\  .  (  onn 


/  he  thermal  res/imisc  ol  the  ( lateral Ihirpose  Ileal 
tunin'  111/s  deta  mined  lor  an  nt Pnonnal  orlnial-dei  a\ 
trateclon  that  lias  been  postulated  lor  \  I  S  I  \  mission 
hi  Jupiter  in  l')S(\  I  lit'  analysis  considered  uncertainly 
/iA  tors  related  In  acrathcntnnh  natntc  boundary  cnntli 
lions  and  the  internal  heat  min  der  characteristics  ol  the 
stun  anal  snnlignialion.  /  he  results  will  he  applied  within 
tin  tranh'uorls  nt  a  stamin  a/  error  anal  1  sis  to  assess  the 
'til  eh  mart;  1  n  ol  the  1  on  in  u  tor  \  design.  /  he  design  goal 
is  to  maintain  tits'  sontainnteni  ol  the  nuclear  fuel  din 
nr;  ills'  ott  normal  reentry  and  the  snhsci/licni  Icrrcsm 
sii  nnpsis  i 


li\(  M.KOl  \l> 

I  m  icitam  space  .ippl  1  v.  .tl  ions .  11  is  don  able  10 
pros  nle  clccti  teal  povset  loi  1  he  spacictalt  In  usitie  the 
enci  cv  detived  liom  1  he  divas  ol  tailioisolopo.  Iwniui 
icnl  missions  lluil  requite  Mich  povvet  are  1  he  ( laltleo  lltehi 
lo  Jupiter  and  the  Solai-I’ol.n  Miirlil  out  ol  the  plane  ol 
1  he  ecliptic.  I  o  wtppls  ihe  posset .  eomraeiois  loi  1  he  l  .n 
Department  ol  I  nerev  (l)Oi  )  have  developed  a  new. 
mole  efficient  Kadioisolope  1  hei  moeleeli le  (icnctnloi 
ilia!  uses  a  new  luel  module  ealled  the  <  ieneial- Purpose 
I  leal  Souiee  (( d’l  IS).  I  liese  modules  aie  dcsiencd  10  keep 
the  radioisotope,  plutonium  ’fS.  salelv  enelosed  within 
an  indium  elad  duritie  esposme  10  the  environments  ol 
postulated  launeli  aeeidenis. 

I  tidct  the  aceis  ol  ihe  IX  >1  Otlicvol  Special  \u- 
eleai  I’tojeels.  tadtoaclivc  I u e led  devices,  iiicludme  the 
t  1 1  MIS,  iceeiv  e  a  (hot  one  It  sale!  s  assessment .  I  lie  Inlet 
weencs  \tieleai  Saleh  Review  Panel,  evnnposed  ol  rep 
lesentatives  liom  NASA.  Do!),  and  1)01  .  review  the 
saleh  an.tlvses  and.  at  the  final  review,  ptoviile  a  iisk 
assessiiienl  ol  the  mission  as  a  prerequisite  lo  oblaininu 
Piesidenti.il  apptov.il  loi  the  launeli.  \PI  selves  in  an 
ndvisotv  eap.iiitv  10  l)()|  rcaaidinc  reentis  livlmoloes. 

( )ne  < ' I  \ PI  N  I unet  1011  s  is  to  make  independent  predie- 
1  n 'it s  ol  teenliv  ihcimul  1  espouses  loi  the  fuel  module 

DISCI  SSION 

(leneral-lhirpose  Ileal  Source 

I  aeh  Kadioisolope  I  liermoeleetiu  ( lenetaiot  eon 
lams  a  stack  ol  I  S  (  1 P I  IS  module'  I  lettte  I  shows  tile 
maioi  components  and  uulis.ites  how  tliev  ate  installed 


lit  the  aehisliell  I  lie  oveiull  dimensions  ol  the  module 
ate  b  ~2  In  *)  O  |n  s  |  hi  l]s  maw  lv.  1.441  po,  and 
I  he  lout  luel  pellets  piodikc  a  total  ol  lliei  mal  walls 
ol  cnetes  -  I  lie  acto'hell.  unpas!  shells,  and  lloalme  mem 
bianes  are  labnealevl  liom  a  tin ee  dimensional  cathori 
eat  bon  composite.  I  he  insulators  ate  lain  mated  ti  om  a 
eat  bon  bonded  earbon  libei  U  Iff  I  )  maienal.  and  the 
elad  is  made  ol  iiivlium.  I  aeh  movlule  is  dcsiencd  to 
leeniei  the  eatth’s  atmosphete  mdcpcndcntls  and.  upon 
mipaei.  keep  the  tadioisolope  contained  ot  immobilized. 

Potential  Rccnlrs  Failure  Modes 

I  he  assessiiienl  ol  I  he  reentrs  saleh  per  lomianee 
ol  a  device  such  as  the  GPUS  indicates  that  the  failure 
modes  that  can  be  postulated  to  lead  direct  Is  or  mdireet- 
1s  to  a  fuel-containment  breach  are  heal  shield  ablation 
but  n  ihroueh.  heal  shield  stress  failure,  tnell  of  the  eon- 
lammeni  shell,  and  impaei  fracture  of  the  eontainmeni 
shell.  I  he  latter  mode  has  lony  been  identified  as  the  crit¬ 
ical  failure  mode  for  (iPHS  and  is  the  local  point  of  this 
article. 

Ihe  critical  component  ol  the  desien  from  the 
standpoint  ol  impaei  tiactmc  is  the  iridium  clad  that  eon- 
lams  the  luel.  I  he  abilitv  ol  the  clad  10  accomplish  the 
desien  purpose  depends  on  both  its  peak  temperature  dm  - 
me  leentrs  and  its  temperatme  at  the  lime  ol  impact  I  he 
amount  ot  time  at  vs  Inch  it  is  near  peak  lempeiatuie  al¬ 
leels  the  cram  stiuctuie  ol  the  material,  vv  h  1  le  t he  impact 
lempeiaiure  deiet  mines  the  dee  tee  ol  dueliliiv .  1  liese  las 
t oi s  relate  to  the  ubilits  v>l  the  iridmin  to  absorb  enetev 
vvilhoul  tract  urine  in  a  dsnamic  loadine  ens itonmciit 

Reentrs  l  rajeotors 

Ol  the  mans  possible  reentts  tra'ectories  that  te 
suit  liom  postulated  accident  scenarios,  orbital  divas  is 
the  most  probable;  it  also  lead'  O'  one  of  the  more  criti¬ 
cal  lempeiatuie  histories  for  the  iridium  clad.  1  hcrctore. 
the  perl  01  mance  of  the  module  durine  teem  tv  alone  that 
traiectotv  is  evaluated  catelullv  at  the  salelv  tevtevvs  In 
the  initial  pot t ion  ol  an  orbital-divas  iccntti .  aerodsnam 
te  heat  i  no  ceneraled  duiine  In  pet  sonic  supeisotlic  flielil 
soaks  into  the  intctioi  ol  tile  module  and  met  eases  the 
temperaiure  ol  the  clad.  I  atci .  tlielu  in  the  subsonic  le 
cime  causes  the  aerosliell  to  cool  dow  n  and  1  csiilts  in  heal 
leakace  from  the  elad,  thus  leduemc  the  lempeiatuie.  I  he 
temperature  ot  the  elad  at  impact  has  been  the  locus  ol 
an  estensive  seii'iliv  its  ana  Is  sis  with  the  ohicctiv  e  ol  as 


Figure  1  —  Ttio  General  Purpose  Heat  Source 


sessinc  uncei  tunnies  associated  with  the  i  cent  t  v  cm  mm 
incut  .mil  the  ( il’I  IS  de'ien. 

I  lie  rut  a  I  Response  Sensitisils  Vnalssis 

I  lie  uuals sis  involved  mo  maim  steps.  I  i i •'t .  the 
tlieiin.il  response  ot  the  (il’HS  was  determined  on  the 
basts  ol  act oheal inc,  in.iteri.il  piopeities,  and  inlemal 
heat  tianslei  assuni|  lions  that  were  used  In  the  dc'ten 
eontiaetoi.  I  lie  results  served  as  baseline  tallies  lor  the 
seiisiti\iti  anaK sis.  Sell,  the  scnsitn  ttv  auahsis  was  pel 
lot  tiled;  the  prineip.il  t.ietois  that  atleel  the  thermal  re¬ 
sponse  nete  tailed  mdividualK  to  deternune  the 
siemlie.mee  ol  each. 

I  he  most  exhaustive  lash  in  the  minis  sis  was  the 
det  elopnient  ol  the  I  her  mal  model,  w  lueh  is  a  computer 
lepiesentation  ot  the  Haiisient  heat  How  paths  through 
the  module  and  a  desenption  of  the  surface  bound.us 
. oi iilit lolls  Mthoueli  the  model  l.ihes  ads  unlace  ol  the 
lee  linn  pie  of  a  sine  the  ceometi  teal  tiimeti  \  of  the  eon 
hcuiution  to  inmuni/e  [lie  end  si/e,  approsirn.ileli  S'O 
nodes  were  needed  todcsciibc  mat lieinatiealK  the  tltet 
mal  shai.niensiies  ol  a  one  eielith  section  ol  the  mod 
ulc.  I  o  cite  an  appreei.il ion  ot  the  details  mehuled  in  the 
model,  near l\  two  hours  ot  IHM  hit l  eompiitei  tune  ate 
lOiisumed  tor  a  suiele  anaKsis  uhe  evaluation  ot  one  un 


certaintv  taetor  based  oil  the  selected  reentrv  tru.icctors 
that  has  a  flicht  time  ol  about  500  seconds). 

I  o  date,  we  hate  examined  the  significance  of  the 
unccrlumtv  lot  lb  factors,  iticludiuc  aerodtnanuc  heat 
in;-',  thci  mal  eonduetit  its  of  the  insulators,  inlet  nal  t her 
mal  contact  between  inatine  components,  mtei  nal  thermal 
tadiation  and  caseous  conduction,  and  the  el  l ect  ol  a  'ta¬ 
ble  versus  a  tandomlx  tumblitic  module. 

\  tvpical  testilt  is  shown  m  I  ic  2  tot  the  case  ot 
a  50" «  uncertamtt  in  the  natisient  uctodvnamic  heatiii.e 
rates.  I  he  laicet  conteciite  heut-tiaiislet  coetlicieilts  loi 
theearlt  period  ol  thctccntit  when  the  module  i'  travel- 
inc  at  htpersomc  supei'omc  telocittes  icsulis  in  an  in¬ 
crease  ot  about  120  1  in  the  peak  tcmporaime  ot  the 
iridium  clad.  It  the  assumption  is  made  that  the  uncei 
taints  applies  onlt  to  the  latter  ponton  ot  rheieeniit  (the 
subsonic  flicht  lecuuel.  the  tempetatute  ot  the  clad  at 
impact  will  be  (>0  1  coklet  than  the  baseline  value  because 
the  uctodvnamic  convection  is  coohne  lalhei  than  heat 
me  the  surlaees  ot  the  module. 

\uothei  lesiilt  is  show n  m  I  ic.  f  I  hat  anaKsis 
assumes  that  the  t  d’l  Is  module  leenteied  in  a  stable  at 
titude  so  that  the  bioaiKide  was  continualls  exposed  to 
the  severe  windward  convective  heatmc  lutes  lot  the 
baseline  analvses.  the  module  was  assumed  to  be  tutu 


Figure  2  —  Clail  temperature,  baseline  versus  150 
treat  t ,i > r i vr •«  turn 

Wiiii;  Millionth  dining  the  li\ per sonic  supersonic  portion 
ol  ilk'  Might;  lino,  the  seveie  lOinivtiU'  heating  rate  was 
riiiiloiinh  distributed  oiei  the  total  sin  face  area.  1  he  lent 
petal  me  Iimoi  v  ot  the  Mil  laee  that  v  lew  s  the  sev  ere  heal- 
ms  late-  shows  icmpciatmcs  significantly  higher  than  the 
baseline  value'  I  lie  Inghet  temperature'  eati'eil  the  sur- 
taee  to  aet  ,i'  an  el  lieient  tadiator  heeatt'e  radiative  heat 
traii'lei  o  dueetlv  proportional  to  the  fourth  power  ol 
tempeiatme  I  he  net  ell ect  wa'  that  le"  lietit  'oaked  into 
the  inter t o i  i >1  the  module  during  the  hypersonic  su- 
pei'otik  poilion  ol  the  flight.  resulting  in  a  colder  tem- 
petatute  piolile  (peak  temperature)  tor  the  clad.  I  lie 
tempeiatme  ol  the  elad  on  impact,  however,  wav  nearly 
unchanged  tiom  the  ha'clme  value  hecaii'c  the  stirtace 
hound.it  v  condition'  dm  me  the  subsonic  portion  ol  llielit 
wet e  the  '.line. 


Figure  3  — Clad  temperature,  baseline  versus  broadside 
stable 


certainty  factor'  are  a  useful  tool  for  the  safety  reviews. 
These  analyses  revealed  the  factors,  such  as  convective 
heating  rate,  that  are  critical  lo  the  reentry  thermal  per¬ 
formance  and  revealed  those  that  are  not,  such  as  the  con¬ 
duct'  it)  of  the  heal  shield  material.  As  a  result  of  these 
conclusions  and  to  ensure  that  the  thermal  response  is 
predicted  as  accurately  as  possible,  the  values  of  the  crit¬ 
ical  factors  become  the  subject  of  closer  scrutiny  ,  first 
through  more  refined  theoretical  treatments  and  later,  if 
necessary,  through  experimental  verification.  In  addition, 
the  completed  package  of  results  forms  the  framework 
lot  a  statistical  error  analysis  that  can  be  used  to  assess 
the  safety  margin  built  into  the  CiPHS. 


COM  I  l  SION* 


We  have  concluded  that  the  sensitivity  analyses 
that  del  ermine  the  thermal  i  espouse  ol  the  ( il’l  Is  to  mi¬ 


nus  work  was  supported  hv  r lie  Department  ot  I  rietgi 


INTRODUCTION 


Computing  technology  at  APL  is  an  essential,  integral  element  of  all  tech¬ 
nical,  systems,  and  administrative  functions.  The  computer  is  so  necessary  to  scien¬ 
tific  achievement  that  the  scope  and  magnitude  of  its  contributions  to  space  science, 
medicine,  energy  research,  naval  fleet  defense,  missile  guidance,  and  other  prob¬ 
lems  of  national  importance  are  often  lost  in  the  rigors  of  daily  computer  implemen¬ 
tation  activities.  Yet  the  importance  of  the  computer  at  API,  with  its  myriad 
technologies  and  applications  cannot  be  overemphasized.  To  this  end,  the  Labo¬ 
ratory  conducted  a  major  review  and  assessment  of  computing  capabilities  and 
requirements  tor  the  future.  Several  areas  that  received  particular  attention  in¬ 
clude  intelligent  work  stations,  data  networking  requirements,  central  computing 
facility  user  groups,  Class  VI  computing  effort  with  the  impending  acquisition 
of  a  Cray  IM  system,  and  technical  planning,  policy,  and  coordination  of  com¬ 
puter  systems. 

extensive  computational  facilities  maintained  by  the  Laboratory  for  use 
by  its  scientists  and  engineers  include  a  major  digital  computer;  an  integrated  com¬ 
puter-aided-design  computer-aided-manufacturing  (CAD/CAM)  system;  ana¬ 
log  hybrid  computer  laboratories;  a  computer-based  image  processing  system;  rapid 
real-time  data  reduction  systems;  five  major  stand-alone  computer-aided- 
engineering  workstations  for  electronic  design;  and  hundreds  of  special-purpose 
computers,  word  processors,  and  computer-controlled  data  acquisition  systems. 

The  central  digital  computer  facility  consists  of  an  IBM  3033  multiproces¬ 
sor  with  high-speed,  large-scale,  dual  data  processors.  The  3033  uses  a  virtual  mem¬ 
ory  operating  system  that  accesses  a  lb  million  byte  main  memory  and  up  to  115 
billion  bytes  in  auxiliary  direct  access  storage  (disk  and  mass).  The  central  com¬ 
puter  serves  a  wide  variety  of  tasks,  including  large-scale  simulations,  complex 
analyses,  and  data  processing  and  reduction.  The  3033  and  its  associated  com¬ 
puters  in  the  linked  API  computer  network  provide  extensive  facilities  for  inter¬ 
active  real-time  processing,  image  processing,  large  data-base  transfers,  advanced 
graphics  processing,  and  resource  sharing. 

The  Computers  ision  CAD  C  AM  system  lias  provided  AIM  with  a  mod¬ 
ern  design,  drafting,  and  manufacturing  capability .  it  is  a  flexible  system,  providing 
three-dimensional  design  capability  for  mechanical,  electrical,  and  electronic  sys¬ 
tems.  Output  from  the  system,  in  addition  to  the  normal  hard  copies,  includes 
photoplotted  master  masks  and  numerically  controlled  machine  tool  tapes.  Resi¬ 
dent  system  software,  along  with  data  links  to  larger  computers,  can  provide  de¬ 
sign  analyses  including  finite  element  modeling,  logic  simulation,  and  design  rule 
checking.  Stand-alone  computer-aided-engineering  stations,  such  as  the  Mentor 
Graphics  System  recently  installed  in  the  CAD  CAM  center,  are  providing  the 
I  aboratory  with  the  capability  to  do  complex  electronic  circuit  design,  simula¬ 
tion,  and  test  vector  generation  necessary  for  the  fabrication  of  gate  arrays,  stan¬ 
dard  cell  chips,  and  (ultimately)  lull  custom  integrated  circuits. 


API  also  supports  two  analog/hybrid  computer  laboratories:  the  Interac¬ 
tive  Simulation  I  aboratorv  with  EA1  680  analog  computers  and  the  Guidance  Sys¬ 
tems  Evaluation  Laboratory  with  the  LAI  Pacer  6(H)  system.  Analog  and  hybrid 
computations  are  essential  to  the  solution  of'  complex  problems  that  require  the 
simultaneous  solution  of  a  large  number  of  differential  equations.  The  hybrid 
laboratories  provide  simulations  for  large  physical  systems  and  are  particularly 
useful  in  the  missile  and  missile-guidance  fields. 

Because  computers  and  computer  applications  at  API  are  so  interwoven 
with  all  l  aboratory  activities,  it  is  impossible  in  a  limited  section  to  provide  arti¬ 
cles  addressing  all  the  yearly  accomplishments  in  this  field.  The  selected  articles 
represent  the  generic  type  of  activities  that  one  may  find  in  all  parts  of  the  Labo¬ 
ratory.  They  range  from  special-purpose  processors,  emulators,  hardware,  and 
data  information  facilities  through  standard  modeling  and  simulation  activities 
to  specialized  graphical  outputs  and  even  the  solution  of  problems  at  the  graphics 
level.  This  trend  toward  specialized  computers— especially  engineering  worksta¬ 
tions,  novel  methodologies,  and  emphasis  on  graphical  display  and  interaction— is 
expected  to  continue. 
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Figure  1  —  SAH  uimi)"  sh.  ..ving  tin*  G.  kt  .1 
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flic  slam  lanveol  a  pi  mil  (.(reel  i'  appioxu.i.ite- 
Iv  a  quadratic  function  ol  !  ho  nine  :  alone  l  ho  1 1 1  o  h  l 
path: 

r  r  I  A  /  2)1  :  r  )  (A  A  J)|:  :>.(-’) 

where  r  is  lance.  :  is  lime,  /  is  Dopplei  liequencv 
(all  al  (lie  lime  (lie  taivel  is  in  l  lie  eenlei  nl  I  ho  ladar 
hea m ) ,  A  is  i ho  rale  ol  clianve  ol  Dopplei  liequencv 
with  anil  A  is  railai  wavclcnelh.  1  he  Imeai  term  in 
I  t|.  2  is  called  (lie  "lance  walk,"  and  (he  quadiatic 
lei  ill  is  called  die  "lanve  curvature."  I  he  (oial  el  leel. 
lanve  imvralion.  repiesenls  movement  ol  (lie  poinl  tai- 
vcl  (espouse  across  innve  bins  in  l he  compnlei  metnorv 
as  :  \anes.  Ii  is  convenient  to  lemoie  die  ranee-walk 
i ei  in  durinv  die  ranee  compression  process  and  lo  ileal 
wnh  (he  i  a  nee -c  in  \  ami  e  lei  in  dm  i  lie  die  a/inmlh  com 
piessuin  process.  When  both  ol  these  elicits  are  coin- 
pensaied.  data  ate  moic  conicmcnllv  available  in  mem 
oi  v  loi  cot  telalion  in  die  a/inmlh  coordinate. 

l  ot  machine  implemenialion,  data  aie  dans 
lened  puNe  In  pulse  lo  die  anav  piocessoi.  l  or  each 
i  un.ee  line  lone  pulse).  Iheattav  piocessoi  perlornis  (lie 
pi iii ess  ol  Iasi  convolution  anil  ranee-walk  tcmoval. 
I  he  i.mee-hne  data  aie  siored  ill  die  anav  piocessoi 
mini  I2S  lanee  lines  have  been  accumulated  I  lie  block 
ol  12k  complex -v allied,  lanee-compressed  lines  is  pain 
Honed  alone  die  a/imulh  dircciion  and  winien  imo  W 
oi  nioie  sepaiale  tiles  on  die  loin  links  until  NI92  ranee 
lines  have  been  compic'sed  and  sioied.  Al  dial  point, 
each  disk  tile  conlaiiis  64  a/inmlh  line',  each  line  con 
sisinie  ol  SI92  data  points  in  die  ;  cooidinale.  I)n  iilme 
die  lanee  lines  mlo  sections  and  stoime  them  in  umln 
pie  disk  (lies  m  el  lecl  pcitoinis  a  "cornel  nil  nine."  oi 
man i\  iiansposiiion,  on  die  data.  I  he  si/c  ol  each  disk 
hie,  Xl‘)2  In  64  lanee  cell',  n  covet  ned  In  die  mcmoiv 
available  when  one  disk  tile  n  read  m  loi  u/muith  coni 
pies'ion.  I  he  nmnbei  ol  lanve  bins  available  al  this 
slave  ol  die  ptocessmc  n  also  convemenl  loi  pcilotm 
me  die  qua  ill  a  lie  i  a  nee  coi  leclion. 

\liei  the  comei  liiinme  has  been  peitoimed. 
dal. i  aie  ca-ilv  accessible  alone  die  nine  oi  a/inmlh  co 
onhnale.  and  die  a/umilh  compie"ion  pioicdme  i.m 
commence.  A/imudi  compiession  i-  complelelv  analo 
eons  lo  i.mee  compiession.  .i'  can  be  seen  Itoni  die 
qiMili.iiic  phase  hi'loiv  coi  lespondme  lo  I  q.  2.  and  die 
l.i't  lonvoliilion  pioce"  i-  used  avani.  Ilovvevei.  il  i- 
I  ii  -  I  iiecess.u  v  to  assemble  die  I  ou i  lei  n  an-- loi  in  ol  die 
data  alone  die  u/tmudi  direction  I  111'  .I'semblv  i  .  done 
In  lemovme  die  ellecl  ol  die  lem.mime  lanee  mieia 
lion  emu  on  die  specli.i  ol  a/inmlh  line-  W  hen  appio 
pi  Ml  el v  coi  i  Ci  led.  die  lai  eel  enei  ev  appeal  onli  ill  one 
i, nice  bin.  A/imulh  compiession  then  ioiw'Is  ol  umln 


plvinv  die  assembled  dala  naii'loim  In  a  mulched 
lillei .  llicicbv  pioduciuv  die  dual  nnave  i espouse. 

1  lie  venci  anon  ot  die  a/imulh  com  pies'ion  I  iliei 
leqmres  knowledec  ol  die  a/inmih  clmp  tale.  A  .  die 
coelliciem  ol  lliequadiuiic  lerm  m  I  q.  2.  Actuallv.  A 
is  ollen  not  known  a  pi  ion  lo  siilticieni  accmacv  and 
mils!  be  esiimaied  liom  die  dala.  (  urrendv,  die  -o 
called  siibapeilure  coirelaliou  melliod  is  used:  n  w.i' 
lound  lo  work  w  ell  ev  en  loi  occanoctaplnc  intaeet  v . 

Helore  die  I  inn  I  nnave  is  assembled,  die  multi- 
look  process  can  be  peiloimed.  W  nil  Seasal.  which  i' 
ivpical  ol  S  AK  desiviis.  die  svmhelic  aperniie  is  lonvei 
l hail  is  reqmied  lo  veneiale  die  de'iied  a/imulh  lesolu- 
lion.  1 1  i'  theieloie  possible  lo  div  ide  die  'V  ndielic  apei  - 
line  mlo  seveial  subapei lines,  oi  "looks,"  dial  can  be 
compressed  independendv  alone  a/imulh.  delected,  and 
summed  in  older  lo  i educe  die  SAR  speckle  noise  m  die 
dual  imave.  I  inure  '  illusiraies  mulnli'ok  proces'ine. 
I  he  oveiall  a/imulhal  lurect  specirum  has  been  pro¬ 
cessed  independendv  bv  lour  compiession  killers,  pro- 
duciiiv  die  lorn  mdependem  i eali/ai ions  shown  ol  die 
nnave.  I  hose  rcali/ahons  are  simplv  alivned  and 
summed  lo  pioduce  die  icsiilt  in  I  iv.  4b. 

In  die  machine  implemenialion  ol  a/imulh  com¬ 
piession.  .is  discussed  above,  die  i alive-compressed 
dala  aie  resident  in  disk  tiles  oivam/ed  in  64  •  KI92 
i.inve  cells.  1  ach  I  lie  is  n  aiisleired  mlo  inemoi  v  in  mi  n, 
and  a  1  outlet  naii'loim  n  peiloimed  on  each  a/imulh 
line.  I  hen  die  two-dimensional  anav  is  col  lected  loi 
quadratic  r.mvc  mivi.uion  bv  a  shill  and  interpolation 
applied  lo  each  ol  die  SI92  veetois  ol  Ienvlh64.  1  inallx. 
the  data  aie  multiplied  independendv  bv  each  ol  the 
loin  mullilook  a/inuilh  lillei'.  delecleil.  and  summed 
lo  assemble  die  I  inal  nnave. 

I  lapse'll  (wall  clock)  and  computational  (central 
piocc'sinc  unit)  nines  were  obtained  loi  main 
components  ot  die  ptocessinv  on  both  the  A  A\  and  (he 
I  I’S  164  coniputeis.  I  he  total  elapsed  lime  required  lo 
pioduce  a  tom  look  100  bv  100  km  nnave  liom  6  AK 
dala  on  six  Sc.i'.tt  tapes  toi  dm  initial  version  ol  die 
pi  oics'Oi .  i  mm  iii  v  on  an  unlo.iiled  -  v  s|em.  i  -■  '  6  liom  ' 
l.i'l  lomiei  n.uistoi  m  s.il.  iilaliom.  whuli  overlap 
input  output  piOeCssmv  ai  a  tew  slaves,  aii  exesiiled 
dm  in  v  '6"  ot  die  loi  a  1  pi  Oil's  soi  lime 

While  '  (\  hours  lo  veneiale  a  100  bv  Ion  km 
nnave  cvnipaies  lavotablv  wuh  pi i bl i s lies'  limmv'  loi 
similai  svsienis.  enhaiiiemelil '  lo  die  nnlt.il  'V'lon  are 
expeiled  lo  impiove  die  pioie'Mliv  speed  Input  oiilput 
pi o.essinv  lime  on  die  A  AN  lOtild  be  I edtneil  sOii'ider 
ablv  bv  ,ii  qun  mv  a  lai  ve  disk  .loiave  .  a  pa  hi  In  v  so  dial 
(ape  input  and  ouiput  sould  be  avoiiled  Abo  belli.'  in 
veslrvaled  o  die  possibihlv  ol  aii.iclimv  a  -mallei  anav 
pioie-'oi  lo  die  I  P's  U>4  tor  die  -ole  pmi'o-e  ol  iom 
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S1DK-I OOK  SONAR  IMAOK  KXPLOITATION 


I).  (  .  Doty  and  (  .  \.  I  wigg 


Side  look  iiuuf  systems  are  powerlnl  tools  for  cot- 
lecture  inlorination.  Systems  now  operational  perforin 
evt  Insnelv  one  dimensional  signal processing  on  the  sonar 
data  to  form  nnaees.  I  Ins  paper  desenhes  an  application 
ol  inn  dimensional  signal  and  nnavc processing  to  sale 
loots  sonar  data  at  or  near  real-time  rales  to  improve 
geometric  i/nalitv  anil  imau e  interprctahility. 


OVKRVIKW 

lilts  paper  present'  the  results  ol  an  application 
ol  two-dimensional  signal  anil  image  processing  tech¬ 
niques  to  side-look  sonat  ( S I  S)  imagery  Hie  project  had 
loin  objectives: 

1.  Develop  and  demonstrate  a  capability  to  per¬ 
form  two-dimensional  signal  and  image  pro 
cessing  at  or  near  real  time  rates. 

2.  Develop  and  evaluate  I  liter  s  to  enhance  the  use 
ol  SI  S  images  lot  water  column  and  bottom 
search  operations, 

V  Develop  and  evaluate  an  algorithm  to  correct 
SI  S  images  lot  distortions  caused  In  platform 
motions. 

4.  I  )emonsirate  the  use  ol  the  SI  I  1 1  sonar  signal 
processing  system  as  a  research  tool. 

K  \(  M.ROl  M) 

An  s|  s  system  uses  acoustic  energy  to  produce 
an  image  ol  lire  ocean  bottom.  A  tiaiisducer  illuminates 
the  bottom  with  a  narrow  pulse  ol  acoustic  energy  several 
tittles  per  second.  I  ollowmg  each  illumination,  a  trans- 
dticet  artay  receives  the  energy  reflected  from  the  bot¬ 
tom  and  forms  the  return  into  a  narrow  beam.  I  he  system 
elect  tonics  apply  one-dimensjonal  signal  processing  and 
assemble  successive  beams  into  an  image  on  a  haul  copy 
display . 

I  he  Si  I  II  signal  processing  system  was  developed 
•it  AIM  to  studv  the  application  ol  advanced  signal 
processing  techniques  to  SI  S  images  and  to  .lit  as  a  test 
bed  lot  algorithms  purposed  lot  inclusion  in  the  opera 
tioii.rl  sv  stems  I  lie  processing  subsystem  o!  s|  1  1 1  con 
sists  ol  a  contiol  unit,  a  lOiiitol  bus.  two  data  buses,  and 
an  aibiti.uv  numbei  ol  processing  modules  connected  to 
the  buses  I  he  somiol  unit  muv  route  data  between  the 
ptoic'suii'  modules  in  arbitratv  combinations  under  soli 
ware  control  1  Ins  at  chiles  lute  allow  s  the  sv  stem  to  he 


expanded  nearly  indefinitely  without  hardware  modifica¬ 
tion.  Processing  modules  in  the  current  system  include 
sonar  signal  input,  one-dimeitsional  digital  filters,  video 
output,  and  a  bidirectional  interface  to  a  minicomputer 
used  in  algorithm  development  and  experimentation.  Pro¬ 
cessing  rates  ol  tout  tunes  real  time  have  been 
demonstrated. 


DISCI  SSION 
Knhancement  Killers 

\\  e  identified  three  classes  of  enhancement  filter¬ 
ing  algorithms  to  apply  to  the  SI  S  images: 

1 .  Segmentation  algorithms  to  emphasize  poten¬ 
tial  target  characteristics  such  as  lines,  edges, 
and  points; 

2.  1  vvo-dimetisional  noise  reduction  techniques  to 
enhance  details  by  increasing  t he  signal-to- 
noise  ratio: 

v  Contrast  enhancement  techniques  to  redistrib¬ 
ute  the  image  information  in  order  to  utilize 
fully  the  dynamic  range  ol  the  display  devices. 

bach  algorithm  described  below  has  been  implemented 
in  software  to  process  operational  data. 

I  he  segmentation  fillers  were  implemented  as  con¬ 
volutions  of  the  image  with  3  by  3  masks.  I-ach  mask  was 
chosen  to  emphasize  one  class  of  feature,  but  several 
masks  could  be  applied  simultaneously  to  a  given  image. 
Ilns  filter  was  most  effective  when  used  as  an  edge 
detector . 

I  he  two-dimensional  noise-reduction  techniques 
were  the  local  (3  by  3  window  )  mean  and  the  median.  I  he 
local  mean  was  implemented  using  the  3  by  3  convolu¬ 
tion  described  above.  I  liese  techniques  proved  to  be  most 
usctul  as  preprocessors  for  the  image  segmentation  and 
contrast  enhancement  algorithms,  although  they  also  pro¬ 
vide  gie.it  subjective  improvement  in  the  quality  of  the 
images. 

I  wo  coin  last -enhancement  techniques  were  imple¬ 
mented:  histogram  modilication  and  homomorphic  III 
teting.  Histogram  modilication  treats  the  image  as  a 
piohabihty  density  lunction  of  intensity  levels  and  remaps 
the  existing  levels  into  a  distribution  that  fills  the  dynamic 
tattgeol  the  display.  1  igure  1  shows  the  intensity  distribu¬ 
tion  ol  an  image  before  lusiogiam  modilication:  I  tg.  2 


J 
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Pixel  intensity,  black  to  white 


Figure  1— Histogram  of  an  unprocessed  SLS  image  This 
graph  shows  the  frequency  of  occurrence  of  pixel  inten¬ 
sity  versus  intensity  in  a  real  SLS  image  before  contrast 
processing.  Notice  that  virtually  all  the  image  informa 
tion  is  contained  in  the  low-order  6  tuts  of  the  10  bit 
dynamic  range 

-.how-  l  lie  i  exult  ot  l  lie  modification  1  moat  and  In  pci 
bulk  i  ciIim  r i hut  mm  ot  inietiMH  were  implemented  (  I  lie 
hvpctbolic  tcdiMi  ihution  llteoreliealK  collect-,  lot  the  te 
xpotne  ot  the  human  o>c. ) 

I loinomot pluc  tilt et i tip  model-.  mu-mu  v  a-  the 
ptodiicf  ot  1 1  In  ii  1 1  ii.if  to  n  and  iclTecl.uice  I  .ikme  the  loi- 
.inilini  ol  tlie  mure  ttamtointx  the  ptoduct  to  a  Mint, 
he  apple  .1  conventional  two  ditik-mional  la-a  I  outlet 
it  amt  ot  m  and  tieguencv  domain  I  ill  et  me  to  tcinov  e  the 
illumination  (which  e-  pmnanlv  low  ticquencv  l  and  leave 
the  idled. uuc  Ipniiiaiilv  lueh  liegueiievi  When  the 
te-.it  It  tx  in  vet  -e  t  ,i-t  I  on  net  ti  am  lot  mod  and  exponent  t 
ated,  the  combination  ol  none  i eduction  and  uintoim  il 
Itmnnution  make'  the  mi.iee  much  Jcatct  I  leute  >  i-  a 
block  ihaet.mi  ol  llm  aleonthm 


Pixt*  intensity  I > I o t  >-  to  *.- 

Figure  2—  Histogram  of  the  SLS  image  after  contrast 
enhancement  Notice  the  quantization  of  the  result,  cor¬ 
responding  to  the  6-bit  quantization  of  the  original 
Although  the  frequency  of  the  high-intensity  pixels 
decreses.  the  closer  spacing  of  the  occupied  levels  keeps 
the  distribution  approximately  constant  over  the  full  10-bit 
dynamic  range. 


T o  display 


Figure  3 —  The  homomorphic  filtering  process 
H.  iinnmoii  hii  tutoring  assumes  a  multiplicative  model 
C  a  Illuminati-  -n  and  reflectance  The  two  components  are 
Separated  by  taking  the  logarithm,  transformed  to  the  fro 
quenev  domain,  filtered  with  a  high  or  band  pass  fitter 
to  reduce  the  low  frequency  illumination  and  enhance  the 
high  frequent  v  retlet  tar-re  returned  to  the  space  domain 
■I'-d  exponentiated  to  regain  the  original  dynamic  range 


Platform  Motion  Compensation 

I  lie  in ilit >  of  the  preceding  two-dimensional  filter¬ 
ing  depends  on  lia\  me  an  image  w  here  neighboring  lines 
ol  the  image  correspond  to  neighboring  slices  of  the  ocean 
floor  because  the  SI  S  images  are  formed  one  line  at  a 
tune,  any  maneuvering  by  the  sonar  platform  can  distort 
the  image  beyond  recognition.  Therefore,  the  images  must 
be  collected  lor  the  distortions  before  enhancement 
algorithms  can  be  applied. 

We  developed  a  correction  algorithm  using  the 
navigation  information  available  on  typical  platforms. 
I  o  test  the  algot itlim,  we  developed  a  simulation  to  take 
a  known  target  (a  rectangular  grid)  and  “insonify”  it  from 
a  "plailorm"  with  typical  dynamics.  The  simulation  was 
necessary  because  the  SIT  II  system  does  not  currently 
ptovide  an  interface  between  SI  S  and  navigation  data. 
<  )iii  experimentation  showed  (hat  we  could,  given  a  hard¬ 
ware  implementation  and  sufficient  nav  igation  data,  cor¬ 
rect  tor  platform  motion  variations  in  real  time.  The 
collected  images  could  then  be  enhancement  filtered  as 
desciibed  above. 

(  <>\(  l.l  SIONS 

The  following  conclusions  were  reached: 

I  Tacli  filtering  method  was  implemented  in  soft¬ 
ware  in  the  minicomputer  component  of  the 
SI  I  II  system.  W  ith  the  exception  of  the 
homomorphic  filtering  with  two  5 12  by  512  fast 
Totirier  transforms,  the  algorithm  performs  at 
or  near  real  lime.  Hardware  implementation 
should  be  straightforward  and  should  easily 
reach  two  to  four  times  real-time  rates.  (  The 
image  segmentation,  noise  reduction,  and  mo¬ 
tion  compensation  algorithms  process  one  im¬ 
age  line  per  second  slower  than  real  time  by 


a  factor  of  the  pulse  repetition  frequency  -  I  he 
pulse  repetition  frequency  for  operational 
systems  ranges  between  1  and  14.) 

2.  Present  systems  are  not  fully  exploiting  the  in¬ 
formation  available  in  the  images,  (a)  Platform 
motion  effects  should  be  removed  before  any 
enhancement  processing  is  applied.  If  the  cor¬ 
rections  are  not  made,  the  bottom  features  of 
interest  may  not  be  recognizable.  In  addition, 
the  correction  can  make  the  operator  aware  of 
areas  not  insonified  or  of  multiple  insonifica- 
t ions,  and  it  allows  for  real-time  correction  of 
the  search  pattern,  (b)  Application  of  the 
enhancement  algorithms  can  significantly  im¬ 
prove  the  interpreiability  of  the  images  and  can 
lead  to  the  automatic  or  semiautomatic  detec¬ 
tion  of  targets. 

V  The  architecture  of  the  STI  II  system  makes 
it  ideal  lor  experimentation  in  signal  and  im¬ 
age  processing,  either  in  software  or  hardware, 
and  it  can  be  used  as  a  base  for  operational 
systems. 
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1/7  /tuv  i/cvuyiei/,  built.  and  tested  prototypes 
lor  ilit'  mu  computers  that  will  control  anil  monitor  the 
llopkins  (  Itrai  lolel  I  clew  ope.  u  IVN6  Space  Shuttle  ex- 
/> ernnenl .  I  hew  prolulepes  i  ire  the  lirst  members  of  a 
Itinnlv  til  last,  reliable.  luneimee  buseil  computers  to  he 
ilei  elopetl  h\  1/7. 


BA(  M.ROl  M) 

I  *10  Hopkins  l  liiuviolci  telescope  (III  1  |  is  a 
Space  Shim  lo  expei  intent  designed  in  id'uun  t  ho  I  at  ill 
Itaviolcl  spec  1 1  a  ol  asuonomkul  obiecl'  as  laml  as 
sov on l oon i h  magnitude  Vcutatc  ival  nine  computa 
linn  ol  the  wavelength  t'l  easli  pliolnn  sensed  h  s  I  he 
111  I  dclecioi  .  ’mine'  eiealei  pioscssiiic  powet  than  is 
available  in  anv  space  ipialilied  niisiopioeessoi  hemp 
produced  eoiniiieisialh  In  addition.  the  complex  and 
changeable  sontiol  and  inonilnmie  iei|imemenls  ol 
III  I  dki  ate  i lie  1 1 - e  ol  a  poweilnl  and  llesible  eom 
pmei  sssiem  l li.it  sail  1 -■  pioeiainnicd  in  a  hie h -level 


language.  I  Ins  article  describes  the  design  and  develop¬ 
ment  ol  a  computer  system  lo  meet  the  daia  processing 
requirements  ol  HI  I  .  fabrication  and  lest  ol  the  flight 
computer  systems  based  on  the  already  completed  pro¬ 
totype  system  will  be  completed  in  April  1784. 

DISCISSION 
System  Architecture 

figure  I  shows  the  interlaces  that  connect  the 
HI  I  flight  computer  system  to  the  other  components 
ol  the  telescope  and  to  the  Shuttle's  experiment  sup¬ 
port  equipment.  I  wo  independent  processors,  the  spec¬ 
trometer  processot  and  the  dedicated  experiment  pro¬ 
cessor.  provide  the  computational  power  for  HUT.  The 
speettometet  processor  receives  data  generated  by  the 
telescope's  detector,  computes  the  wavelength  of  each 
ulttaviolel  photon  detected  wnh  a  high-speed  cenlroid- 
mg  algorithm,  and  periodically  forwards  i he  aceumu- 


Figure  1  —  I  no  HUT  configuration 


Computer  Architecture 


luted  sped  fill  data  to  the  dedicated  experiment  proces¬ 
sor.  I  lie  latter  processor  receive'  the  data,  handle-  tele¬ 
scope  control  and  monitoring  functions,  interprets 
commands  and  generates  displays  in  the  Shuttle  alt 
llielil  deck  lot  III  I's  astronaut-operator,  acquires 
and  analyzes  star  held  pictures  to  assist  m  telescope 
pointing,  and  tiaiisiiuts  sialtis,  video,  and  spectral  data 
t v'  the  etotiiul  by  means  o|  Shuttle's  telemetiv  system, 
luhles  I  and  2  siiiiiinan/e  those  tiinciioiis. 


Table  1  —  HUT  ■ornputi.-i  functions.  spo>  ItoiTiotei 
ptoci’ssor 

Function  Kate 

Read  data  from  ultraviolet  1024  ft-bit  jnulog-iodigii.il 
detector  conversions  per 

millisecond 

Compute  photon  wave-  Once  per  photon,  up  to 

length  9000  per  second 

Send  ultraviolet  spectrum  20b''  words  eveiv  2  - 
to  dedicated  experiment 
processor 

Interpret  five  command  Once  per  command 

types  from  dedicated 
experiment  processor 


Table  2  —  HUT  .  .  imputm  tun,.,  tu  ei',  ■l'-.h,  at.-d  •  ■  ■ ; 
lllll'llt  prwCuSsi  a 


Function 

Kim- 

Receive  spectrum  from 
sped romet  er  processor 

206"  words  every  2  s 

C  ontrol  8  motors,  6  power 
supplies.  14  heaters 

Occasional,  as  commanded 

Monitor  60  analog,  ^6 
discrete  lines 

( )nce  every  2  s 

Interpret  XX  command 

t  \  pes 

Once  per  command 

<  icnerate  one  ot  tour  dis¬ 
plays 

Once  every  2  s 

Analyse  l  V  picture,  com 
pute  pointing  errors 

( luce  every  20  s 

1  ranstmt  telemetry  to 
ground  station 

d",656  hits  s 

continuous 

(  ontrol  observing 
sequence 

(  ontinuously  during  oh 
servation;  average 
duration  20  mm 

I  lie  iwo  pmccssois  have  identical  central  pro¬ 
cessing  unit  and  memory  boat d  designs,  w nh  additional 
hoards  to  handle  unique  processor  input  output  re¬ 
quirements.  I  he  spectrometer  processor  contains  one 
hoard  lor  the  interlaces  with  the  telescope  detector  and 
dedicated  experiment  pioeessoi,  while  the  dedicated  ex¬ 
periment  processor  has  several  hoards  lor  video  memo¬ 
ry ,  v  ideo  control,  equipment  nionnoi  i  ng  and  control  in¬ 
put  output,  and  interlaces  to  Shuttle  systems.  I  ahle  I 
lists  some  ol  the  hatdw.trc  lealures  of  the  processors. 

I  he  central  ptoccssmg  unit  is  a  Ih-bn  mieiopio- 
gtammed  machine  containing  tom  \iii290.t  4  -  hit  mi- 
cropiocessot  slices,  an  \ni29IO  scquencci.  an  \ni2902 
ca  rs  look  ahead  unit,  an  \iii29d4  status  and  'lull  con¬ 
trol  unit,  and  an  \in292'  programmable  clock  genera¬ 
tor,  all  tiom  \dvaiked  \tisiv>  I )ev  ices,  |ik.  I  he  micro- 
progiam  consists  ol  '12  M  hit  words  stv'ted  in  pro- 
grammahle  read-only  mcmoiy.  and  the  microinstruc¬ 
tion  execution  tunc  v  a  tics  troni  21  hi  to  40(1  ns  n  rider  mi  - 
cioprogiam  conn  ol.  with  automatic  wait  state'  tor  slow 
peripherals. 


Table  3  —  HUT  computer  feature'. 
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I  he  main  memoir  is  a  16-bil  wide,  word  ad¬ 
dressable  design  using  16  kilobit  NMOS  technology 
memory  component--.  I  lie  nieinorv  recess  time  i--  240 
it-.,  and  the  meinoiv  write  cycle  is  2X0  ns.  I  lie  memoi> 
designs  have  been  teviewed  lor  sensitivity  to  transient 
and  permanent  laulls  caused  by  radiation.  Various  cen¬ 
tral  ptoeessinu  unit  and  meinoiv  design  changes  have 
been  incor  poiatevl  lo  i educe  that  sensitiv  it  v 

Microcode 

Instead  ol  inletpicting  a  sonvenOon.il  assembly 
language,  the  proevssots’  uuciopiogt.uus  implement 
pi  i m it iv  es  ol  die  I  ot III  Inch  level  language  directly .  I  he 
measuied  execution  speed  is  approximately  5(MI,imhi 
l  i*i  I  h  pr  mill  iv  fs  pel  second  loi  a  ivpical  insiuiclion 
mix.  (  A  fot  th  primitive  is  any  thing  Horn  a  simple  anlh- 
melic  opeialion  lo  a  complex  loop  conitol  oi  block 
move  opeialion.)  loilh.  an  mleiaclive  exieiisible  Ian 
guage.  has  been  used  in  a  tapidly  mowing  numbei  ol 
leal-lone  mimccunpmei  and  nucropiovessot  applica¬ 
tions  since  Us  development  in  I9~V 

Slightlv  ovei  hall  the  nnciocode  space  ol  the 
piocessors  is  used  lo  implement  ptoccssoi  inuiah/alion. 
interrupt  service  logic.  the  macroinsiruciion  lelch-exe 
cute  loop,  and  66  l-orllt  pinnilives.  I  his  nnciocode  is 
the  same  in  both  processors,  while  the  remainder  ol  the 
miciocode  space  is  av  a  liable  lor  the  uncial  ion  ol  appli 
canon  soltware  lo  microcode  Ihe  additional  space  m 
ihe  spectrometer  processoi  contains  data  collection  and 
ccniioiding  routines  lo  calculate  ihe  wavelengths  ol  in¬ 
dividual  photons.  Ihe  dedicated  expet  uncut  piocessor 
uses  this  space  lor  video  processing,  chatacter  siting 
manipulation,  and  opeiuling  system  'iippoil  routines. 
Ihe  piocessor-specilic  nnciocode  routines  aie  access 
ible  lo  the  piogiammcr  in  the  same  wav  as  standard 
I  oil h  pi innlives  ate. 

Software 

Ihe  piocvssois  ate  programmed  enluelv  in 
forth  since  ihev  have  no  assemblv  laneuaee  m  the 
normal  sense.  \  small  operating  svsiem  (wiitten  m 
loilh)  provides  the  mleiaclive  progianiuunp  environ 
mem  common  to  all  I  orth  laneuaee  implementations. 

I  hat  environment  mleipiel'  fonh  souice  code  entered 
through  the  leinun.il  oi  liom  mass  sioiugc  devices, 
eilhei  executing  it  unmeihalelv  oi  compiling  il  uuie 
meniallv  into  meinoiv  lot  Iasi  execution  la!  ei .  I  hus. 

I  he  proei.au  m  et  deal'  only  with  souice  code,  by  passing 
the  separate  inlcimcdiaic  steps  ol  compilation  and 
linking 

Ihe  processoi  nnciocode  contains  extensions  to 
the  standard  I  orth  laneuaee  to  support  conctwient  pro 


damming.  Ihe  extensions  allow  the  definition  ol  anv 
lunnbei  ol  independent  l  oilh  piocesscs  dial  compete 
tor  die  processor  on  a  pnorilv  basis  Hardware  inter¬ 
rupts  and  soliwaic -initiated  mteipiocess  signals  are 
lepresented  as  operations  on  counting  semaphores  Anv 
process  max  signal  ct  aw.nl  the  signaling  ol  anv  sema¬ 
phore.  I  he  signal  and  wan  semaphore  operations  cause 
die  piocessoi  lo  be  reassigned  to  die  highest  prior  it  v 
process  noi  wailing  loi  an  utisignalcd  semaphore. 
Semaphore  operaiions  piovide  mechanisms  tor  inter  - 
process  communications  and  loi  mutually  exclusive  ac¬ 
cess  io  dialed  resources. 

I  lic'C  concutteiicy  coucepis  have  been  used  ex 
i e i i s i v e  1  v  m  implementing  the  III  I  applications  solt- 
vv.ue  I  lie 'pecltomeiei  piocessoi  soltwate  consists  of 
seven  independent  processes,  while  die  dedicated  exper¬ 
iment  processor  sollware  i-  implemented  as  26 

pi  ocesses. 

Project  status 

AIM  has  bin  1 1  and  tested  engineering  prototypes 
loi  both  processors.  I  lie  fabrication  ol  flight  versions 
ipialilied  for  the  Shuttle  orbital  environment  and  de¬ 
signed  loi  efficient  heal  dissipation  will  be  completed 
bv  April  1984.  I  he  development  ol  all  microcode  and 
of  the  spectrometer  processor  application  software  is 
complete;  die  dedicated  experiment  processor  applica¬ 
tion  software  will  be  completed  bv  Slav  1984.  Integra¬ 
tion  w  ith  the  rest  of  the  telescope  vv  ill  begin  in  Max ,  and 
the  complete  instrument  will  be  delivered  lo  the 
Kennedy  Space  Center  in  Decembet  1984  tot  Shuttle  in¬ 
tegration.  Hie  first  ol  three  10-day  Shuttle  flights  is 
scheduled  lor  Match  1986. 

AIM  has  started  the  design  ol  a  single-board  im¬ 
plementation  ol  the  computer  architecture  embodied  m 

III  I  s  processors  lor  use  in  limn e  applications.  Ii  will 
otter  higher  speed,  use  less  power,  accept  memory  in 
tegrated  circuits  of  various  technologies,  be  compatible 
with  an  industry  standard  bus.  and  execute  die  recently 
approved  1  orlh-S.f  vetsion  ol  die  forth  language 

AC  KNOW!  I  1X.MI  \  IS 

We  wish  lo  thank  the  HI  I  Principle  Imesuca 
lot  Anhui  I  .  Ifav  idsen  ot  the  .1  III  IMiv  -t.s  Department 
and  III  I  1’iogtam  Manugci  (.den  I  ounlaui  ol  \IM  lot 
then  support  and  encouragement. 
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TEXT  PROCESSING  PROMPTERS 
FOR  THE  IBM  4341  VM/CMS  SYSTEM 


S.  M.  Schaaf 


text  processing  software  has  been  available  for 
several  years  at  A  PI.  \  McClure  (  output  mg  ( 'enter,  hut 
typically  it  has  been  difficult  to  learn  and  cumbersome 
to  use.  User  interfaces  have  been  developed  at  the  (  enter 
to  provide  a  very  productive,  easy-to-use  environment  for 
text  processing  on  the  IH.M  A. 141  computer. 


BACKGROUND 

While  computerized  text  processing  has  many  well- 
recognized  advantages  over  the  “old  fashioned”  manual 
methods  (ease  of  revision  and  spelling  verification,  lor 
example),  it  also  has  some  disadvantages.  With  manual 
typing,  one  only  had  to  learn  how  to  type:  on  a  com¬ 
puterized  system,  an  inexperienced  text  processor  has  a 
great  deal  to  learn  before  even  starting  to  process  text 
Most  significantly,  one  must  learn  how  to  use  a  text  editor 
for  textual  data  entry,  a  text  formatting  control  language 
for  marking  up  text  to  he  formatted,  and  the  commands 
arid  options  required  (o  execute  the  text  formatting  pro¬ 
gram,  i.e,,  to  translate  the  marked-up  text  into  format¬ 
ted  text  suitable  lor  printing. 

I  wo  excellent  text  processing  tools  are  available 
on  the  VM  CMS  system  tan  operating  monitoring  system 
for  interactive  computing  on  the  IBM  4341):  XED1T.  the 
VM  CMS  full-screen  editor  used  for  textual  data  entry; 
and  GMI  .  the  Generalized  Markup  Language,  a  text  for¬ 
matting  language  supported  by  the  IBM  Document  Com 
position  facility  (commonly  known  as  SCRIPT), 

I  wo  user  “prompters”  (MEMO  for  internal 
memoranda  and  GDOC  for  larger  genii al  documents) 
have  been  developed  at  the  Center  to  combine  those  tools 
into  an  easy-to-learn  easy-to-use  text  processing  system. 
In  this  context,  a  prompter  is  a  user  interface  that  pro 
sides  assistance  and  information  to  the  user  of  a  system 
while  he  is  using  it  With  the  MEMO  and  GDOC  prompt 
ers,  even  someone  with  no  experience  using  computer 
ized  text-formatting  languages  can.  with  very  little  effort , 
produce  nice-looking,  well  formatted  documents.  Betore 
describing  the  piompters,  a  brief  discussion  ol  the  tools 
on  which  they  aie  based  is  in  order 

The  Generalized  Markup  l  anguage 

With  mans  text  formatting  languages,  the  t  \  pi  si 
must  use  special  control  words  to  speedy  exactly  how  each 
text  component  (e  g..  Paragraph,  Heading.  I  ist ,  and  I  die 


Page)  should  look  when  formatted,  for  an  ordered  list 
(like  the  following  one),  the  typist  might  have  to 

1 .  I  sc  the  “space"  control  word  to  create  blank 
lines  before  and  alter  the  list; 

2.  f  sc  the  “indent"  control  word  to  indent  each 
item  in  the  list  (notice  that  the  text  of  each  list 
item  is  indented,  ot  ottset,  to  the  right  ot  the 
n  umber); 

V  Number  each  item  explicitly,  which  makes  revi¬ 
sion  difficult  it  additional  list  items  are  in¬ 
serted  ; 

4  Reset  the  indention  for  the  text  that  follows  the 
list. 

I  Ills  is  known  as  specific  markup  and  is  not  only  tedious 
to  use  but  difficult  to  revise. 

With  GM1  ,  tags  are  used  to  tell  the  formatting 
program,  SCRIPT,  what  the  text  is,  not  how  it  should 
look;  SCRIP!  already  knows  how  it  should  look  and 
takes  care  of  all  the  details  to  formal  it  properly.  Tor  the 
ordered  list,  only  the  following  three  GMI.  tags  are  ne¬ 
cessary:  Ol.,  to  tag  the  beginning  of  the  ordered  list;  Li, 
to  tag  each  list  item ;  and  EOI  .  to  tag  the  end  of  the  order 
list.  SCRIP!  inserts  the  blank  lines,  indents  where  nec¬ 
essary.  and  numbers  the  list  items. 

Two  sets  of  GMI  tags  are  available  on  the 
McClure  C  enter's  IBM  4341  computer: 

1.  General  document  tags.  These  tags  were  sup¬ 
plied  by  IBM  with  the  SCRIPT  text  format¬ 
ting  program.  They  may  be  used  to  mark  up 
large  documents  consisting  of  such  components 
as  Title  Page,  Abstract,  Preface.  Table  ot  (  on 
tents,  I  ist  ol  figures,  the  main  body  ot  the 
document.  Appendixes.  Glossary,  and  Index 
There  are  many  additional  tags  tor  text  com¬ 
ponents  tound  in  the  bodv  ol  the  document 
Paragraphs,  Headings,  I  is|s,  figures,  foot¬ 
notes.  and  so  forth 

2  Memorandum  tags  I  hose  tags  were  developed 
In  the  MsC  hire  C  enter  to  support  the  tamiliar 
internal  memorandum  stvle  1  hey  include  lo, 
\iw.  from,  Subiect,  I  ist  ol  Keteiences,  1  ist 
of  Enclosures,  Signature,  and  Distribution 
I  ist,  in  addition  to  those  used  m  the  bodv  ot 
a  general  document. 

Almost  .ill  ot  the  C  All  lags  have  "names"  that 
aie  both  c.tsv  to  learn  anu  easy  to  remember,  but.  with 
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the  MEMO  and  GDOC  prompters,  there  is  little  need  to 
learn  or  remember  them.  They  are  generated  by  program 
function  (PI  )  keys — special  programmable  keys  found 
on  many  terminal  keyboards. 

The  VM/CMS  Full-Screen  Editor 

I'he  VM  CMS  editor,  XhDIT.  and  the  EXEC2 
command  language  give  the  program  developer  extensive 
capabilities  to  tailor  the  full-screen  editing  environment 
for  a  specific  application.  He  can  program  new  editor 
commands,  known  as  XFDIT  macros;  assign  commands 
to  the  PI  keys,  to  be  executed  b>  a  single  keystroke;  and 
reserve  lines  on  the  full-screen  display  to  be  used  for  con¬ 
stant  (i.e. ,  nonscrollable)  text,  such  as  a  menu  describ¬ 
ing  the  functions  of  the  PF  keys.  The  McClure  Center 
has  taken  advantage  of  these  capabilities  to  develop  the 
MEMO  and  CiDOC  prompters. 


MEMO  and  GDOC  are  VM/CMS  commands  that 
create  specially  tailored  text  entry  environments  for  the 
creation  of  memoranda  and  general  documents,  respec¬ 
tively.  With  them,  the  typist  has  the  complete  capabilities 
of  the  VM/CMS  editor,  but  the  PF  keys  have  been  pro¬ 
grammed  to  correspond  to  GML  tags.  When  one  of  those 
keys  is  pressed,  a  program  is  executed  that  causes  the  ap¬ 
propriate  tag(s)  to  be  inserted  into  the  document,  leav¬ 
ing  the  cursor  in  position  for  the  typist  to  enter  the 
corresponding  text.  Because  there  is  a  menu  at  the  bot¬ 
tom  of  the  editing  screen  describing  the  function  of  each 
PE  key,  there  is  no  need  for  the  typist  to  remember  the 
names  of  the  GML  tags  or  the  numbers  of  the  keys  to 
which  they  correspond. 

The  menu  shown  in  Fig.  1  is  the  first  one  displayed 
at  the  bottom  of  the  editing  screen  when  a  new  memoran- 


==========  PF  keys  for  APL  Memo:  Standard  Header  Tags  ========== 


1=  HELP  MED IT 
4-'  To: 

7-  From: 

10-  Subject: 


2=  Reference 
5-  Reference  List 
3=  Enclosure: 

11'  Enclosure  List 


_E  Memo  and  Quit 
6=  Via: 

cj=  Title  Citation 
12  r  Body  of  Memo 


Figure  1  —  The  MEMO  prompter's  first  text  entry  menu. 


iX'.HlPl  :  ms  in  *  1 1  i » •  ,r»  i  ■  •  1 1 » •  r » tc  i  by  lh»*  typed 
v\  ith  the  . r  1  i  »f  tfw  MF.  IVU  )  pr utnpter 


r  SCRIPT 
text 

for  licit  tinq 
proiji  jni 


Formatted  SCRIPT  output  file  printed  on 
a  letter  quality  system  printer 


Figure  2  —  A  sample  memorandum  entered  with  the  aid  of  the  MEMO  prompter  formatted  with  SCRIPT,  and 
printed  on  a  letter  quality  system  printer 


dum  is  being  created  via  the  MEMO  prompter  As  can 
be  seen,  the  functions  of  most  of  the  PF  keys  are  self-ex¬ 
planatory.  When  a  PI  key  is  pressed,  the  corresponding 
CM I.  tag  is  inserted  automatically  into  the  document,  and 
the  cursor  is  left  in  the  appropriate  position  for  the  typist 
to  enter  the  required  text.  After  the  tags  and  text  of  To, 
From,  Subject,  References,  and/or  Enclosures  have  been 
entered,  HP  1 2  is  used  to  tag  the  beginning  of  the  body 
of  the  memo.  It  causes  a  new  menu  to  appear  (because 
the  tags  on  the  first  menu  will  not  be  needed  again).  Ad¬ 
ditional  tags  such  as  Signature,  Distribution,  Figures, 
F  ootnotes,  and  Paragraphs  are  assigned  to  PI  keys  on 
the  second  menu  and  also  on  a  third  menu  that  is  accessed 
via  PFI2  on  the  second  one. 

The  (ilX)C'  environment  is  functionally  similar  to 
the  MEMO  environment,  but  the  PI  keys  are  pro 
grammed  to  correspond  to  text  components  typically 
found  in  larger  documents,  e  g..  Title  Page.  I  able  ol  (  on 
tents,  and  Preface. 

Using  the  MEMO  and  (1DOC  prompters,  il  is  easv 
to  enter  the  text  ol  a  document  I  he  typisi  can  conccn 
trate  on  ty  ping  rather  than  on  formatting.  Once  the  text 
has  been  typed,  the  document  may  be  tiled  ti  e  .  stored 


on  a  disk)  and  then  formatted  with  (he  SCRIPT  com¬ 
mand.  The  output  may  be  viewed  on  a  terminal  screen 
or  sent  directly  to  one  of  the  system  printers. 

Figure  2  is  an  example  of  a  memorandum  created 
with  the  MEMO  prompter,  before  and  after  processing 
with  the  SCRIPT  formatting  program.  The  GMF  tags, 
which  begin  with  a  colon  and  end  with  a  period,  were 
inserted  by  the  prompter  when  the  typist  pressed  the  ap¬ 
propriate  function  keys.  SCRIPT  has  been  programmed 
to  "know"  what  each  tag  means  and  to  format  the  cor¬ 
responding  text  accordingly 
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l  mtv  nt  the  \tat  'scat  St  hue/nltcr  (  orp  NISI 
Structural  Analysis  (  \/S(  N  I  S  / K  I  \  )  "  twite  t  ic 
Went  tWi tlvsis  prov'tim  ,n  1/7  mm  tune  soltware  in 
house  to  venerate  interact!!  eh  a  twite  element  Wotlcl 
the  (  oniputeri  imoii  (  .  I  / >/ > S  4  tnutc -element  model 
I’udilmv  tuiikave  was  useil  to  venerate  tin  '/ S< 

N  I  S /Ml  \  input  Jam  dak  tor  the  structural  anal.sis 
ol  the  electronics  module  to  ter  ol  the  Hopkins  l  lira 
i  inlet  telescope  An  interlace  provram  between  WS< 

N  IS /A’  IN  i  nut  (  WPS  4  has  been  ilei  elopett  to  en 
able  the  anah  si  to  titspla.  the  response  ol  the  motlcl  on 


the  basis  nt  vrulpotnt  ihsp/at  enient  data  ret  ot  cred  trow 
the  anah  sis 

lt  \<  kC.ROl  M) 

I  mile  element  model' can  be  coii-ii  ucted  '  tv'  10 
times  moie  quickly  with  the  use  ot  t mite  element  model 
L’enetatot  s  than  when  built  manually.  I  he  use  ol  com 
pul ct  aisled  engmeei mg  on  ihc  electronic-  module  cos et 
ol  the  Hopkins  l  Itiasiolel  I  elc-cope  piovided  a  moie 


ucsiuatc  analvsis  m  less  lime  than  il  il  had  been  dune 
without  computer  aided  engineering.  I  lie  lime  saved 
using  those  teehim)iies  was  spent  optimizing  the  initial 
design;  l he  lesult  was  a  subsianiiallv  stit  tei  sti  net ure. 

I  he  clcctiomcs  imidnle  covei  has  an  aluminum 
untie  tiame  stitlened  with  a  thin  uutet  skin  ut  alumi¬ 
num  sheet.  Sldlemne  bead'  ami  hat-sectioned  stilleneis 
pi  ov  ide  suppoi  l  lot  v  at  ions  components  attached  to  the 
outci  skin  I  he  linite  element  model  representing  tins 
stiuetiiie  had  to  be  complex  enough  to  represent  the 
mleiaelion  ot  the  mans  components  and  detailed 
enoueli  to  piov  ide  I  lex  t  hi  I  n  v  toi  the  ease  lepiesenlalion 
ol  changes  in  the  design.  I  lie  lm.il  MS<  NAS  I  K  AN 
model  ol  the  cover  (I  tg.  Il  consisted  ot  236  endpoints 
and  402  beam  and  shell  eletnenis.  Building  a  imite-ele- 
ment  model  ot  this  si/c-  bv  hand  would  have  taken  ap- 
ptoximatclv  three  weeks.  I  sine  the  (  ompulerv  tsion 
modeler,  l>(>" u  ot  the  analvsis  input  deck  was  eeneialed 
in  two  davs, 

I  Ins  at  tide  '  mi  i  mat  i /es  the  sir  enroll'  and  weak 
nesses  ot  the  C  ompulet  v  Mon  [mite-element  package 
that  w  etc  to  mid  dm  me  the  const  i  net  ion  ot  the  I  mile- el- 
eineiii  model  ol  the  eleclionies  module  covei.  Also  out 
lined  ,ne  lvpk.il  steps  lot  model  preparation  and  post 
l'M\c"iiic  and  the  capabilities  ol  the  new  (  ADDS  4\ 
pad  , ice  \  pt  ospcstiv  e  ii'Ct  ol  the  mode-let  could  use 
•  I  i  -  cpoi :  to  ev  a  Inal  e  I  he  least  hi  I  It  v  ol  using  t  lie  C  out 
p,.t  c:  v .  ■  tot .  !  mu  e  eleinetit  pac  k age  to  meet  his  need' 

DIM  l  sMO\ 

I  tic  (  ompulet  v  I'toti  C  Mill's  4  and  the  up 
eluded  r  Mill's  4\  tunic  element  packages  aicactu.il- 
lv  uh. cm  ol  tin  total  (  ompulet v tsnui  graphics  pack 
aei  1 1 1 c v  a’ctu’i  •! and  alone  pi  oet  ,mis  I  he  complete 
e: aphis  s.tp.ihihtv  o  presented  m  otdei  to  aid  the  It 
mil  elemeti!  inodelet  in  Jclinmc  the  initial  wue  It. line 
e comet i  v  I  sc  ot  the  ni.i"  piopet  tv  s .ik  til.it  ton  package 
a  ■  .  - 1  \  s  t  lie  u  'el  ,ii  c.i ' ,  v  ol  nines .  masses,  amt  at  eu  and 


t 


Figure  1  —  Tin-  Unite  element  iii-ii-i 
I hli.ivu not  teles  ■  ipo  t-'  mu  s  nv  -  tu 


mass  moments  ot  inertia  ol  the  wire  frame  region'. 
However,  the  svstem  can  become  intimidating  because 
ot  the  large  number  of  commands  available.  I  suallv,  u 
is  better  to  have  an  experienced  designer  del  me  the  wire 
Irame  geometrv.  thus  treeing  the  I mue-eleniein  U'et  to 
familiarize  himself  with  onlv  the  I tnite-eleineni  pack¬ 
age.  Outlined  below  are  the  major  features  and  capabil¬ 
ities  ot  the  finite-element  packaee:  useful  capabilities 
that  are  not  currently  available  are  also  indicated. 

(■raphics  and  Data  input 

1.  1  -mile-element  packaee  command'  max  be 
input  bv  using  the  eursot  to  pick  trom  a 
d>  natuie  menu. 

2.  Ciraphies  commands  ma>  be  selected  bv  diem/- 
me  a  programmable  I  unction  tablet . 

3.  1  ull-color  dtsplav  is  available. 

4.  Infintlclv  variable  dvnamie  rotations  and 
translations  are  available  bv  using  the  linage 
(  ontrol  l  tin  functions. 

5.  (icomctrv  data  can  be  input  bv  digitizing  an  ev 
isting  chawing,  bv  creating  the  geometrv 
through  the  use  ol  graphics  commands,  or  bv 
using  an  existing  (  ADDS  3  ot  (.  ADDS  4  data 
base. 

Mesh  (Generation  and  Preparation  of 
the  Vnalvsis  Deck 

1  I  he  MSt  \  A s  I  KAN.  ANsYs,  SI  PI  KB. 
SIKI  Dl  .  and  SAI’5  finite -element  artalvcic 
codes  are  supported. 

2  1  it  tv  -  tom  element  t  v  pc'  are  av  ailablc. 

t  I  he  tiset  tnav  aruouiattcallv  genetatea  mesh  ol 
one  or  two-dimeti'ional  finite  elements  bv  de- 
lining  a  hrumdatv  and  'pectlvtnc  the  nutnbet 
ol  element'  tci|imcd  ahmg  each  side  ot  the 
bi'tindatv  An  existing  mesh  in, tv  be  totaled, 
translated,  ot  unnoted  to  ptodtkc  additional 
elements 

4  Individual  element'  sail  be  insetted  bv  the 
otdered  picking  ol  existing  endpoints  with  the 
cut 'Ot  . 

V  Speciticatnuis  lot  loading,  lot  the  -mc’i  I'om: 
constraint  set.  and  lot  mate! in!  and 
ptopetties  can  be  genet. lied  e.i 

6  Ihete  is  complete  conttol  ov.  >  .; 

element  numbering. 

Ihete  is  little  need  tc>  di'plav  c: 
because  the  cmsoi  can  be  used  to  : 
sited  line,  point,  gtidpouit.  oi  clcm.  : 

s  (he  loei  can  'In  ink  elemciU'  to  ,!.a 
coiuuuiuv .  met ee  c oittc iclctit  ctidpoir- 


.i  ii'-ci  detuied  spheneul  toletaine.  and  with 
tlic  C  ADDS  4\  swem  Inehlieltl  si'leeled  set' 
nt  endpoints  aiut  elements 

I’osl-PnH't’ssinu 

I  tic  delouneil  shape'  ol  the  tuoilel  ean  he  dis¬ 
play  eel  usiiiL’  MSC  NASI  K  \\  endpoint  ilisplaeeMieiit 
results  pi'si-prueesseil  In  means  nl  an  Inteilaee  written 
In  AIM  . 

Additional  heat n res  Mailable  with  the 
(  VDDS4X  l  paraded  Finite-!! lenient  Package 

Sitess  ii"ulls  ean  he  displayed  In  means  ol  an 
element  colot  Mil  pioceiluic.  (Die  imetlaee  between 
A1SC  NASI  K  AN  anil  the  C  ompulcmMon  Imitcclc 
ment  package  has  not  set  been  written  I  In  addition,  el 
einciils  ss 1 1 1 1  seleeled  mimheis.  piopeilies.  01  nialenal 
de'ii  ipiions  and  endpoints  with  selivled  mimheis, 
'iiiele- point  lonstiainl  sets,  oi  loads  ean  he  Inehlieliled 
lot  model  ehei  kmc  pm  poses 

(  ompnlervision  hinite-h lenient  Package  Features 
Not  \> ailahle  lint  Needed 

I  he  t mi t e  element  p.ukaec  l.nks  ihe  lupahilin 
to  vonseit  an  est'lme  t mite  element  anahsis  pioctum 
mpul  ilia k  mlo  a  C  ADDS  -1  data  base  lot  -uhse.nieiii 
iksplai  oi  inoililiiation  I  his  should  he  cot  tested 
Also,  the  model  ihcikiiie  let  limes  should  he  espanded 
to  mi  hide  the  automnln  onenl.iiion  ol  element  t.m 
not  nt.ils  In  sompatison  to  a  ttset  detmed  nvtot.  a 
sheik  ol  element  a-pest  t.tlios  nhe  talio  ot  leneth  to 
a  lilt  It  to  lieie  It  1 1.  an  elemem  inter  1 1 » i  ."tele  el  ns  k  .  and  a 
•wo  ilinieitsloti.il  shell  elenieni  ll.uni"  iln\k  dtoili  ot 
t lie ■  e  detii  ii'ik  ii's  ean  he  lemedied  In  stand  alone  pto 
i'i.inis  that  h.n  e  not  \  el  been  w  t  it  ten  I 


PK<><  I  1)1  RF 

l  1 1 1 1 1 1 1 1 ml  below  ate  the  I'enetal  steps  used  to  ecu 
elate  a  limte  elemeiit  model  fistin'  the  t  omputei  \  tsion 
i  mile  ell'll  i  en  I  p.n  k ace  A I  so  en  en  i>  a  siimniat  i  ol  the 
p:  os  ed  m  e  that  must  he  t  ol  lowed  to  1 1\  o\  et  I  he  .mail  a* 
d>  -  pl.n  iir.cn!  data  lot  Jispl.ts  a-  a  deloimed  'lupe  ot 
diet  output  et  i :  non  ei  a  pine s  let  iimii.iI 

Model  Preparation 

I  l  Ihl.mi  eeotnetiis  data  on  the  pan  to  he  at.a 
Is  zed  Itoin  dictli/ci  input.  Itotn  the  a-e  ol 
C  onipiitet  i  ision  ei.iplui's  eoniiiiand'.  ot  lion 
an  m i  .l me  data  base 

d  Input  the  in. ilen. il  and  element  ptopeme' 


-V  (lenelale  the  lnme  element  inedi  imiii'  auto 
mails  mesh  eenei at  ion  methods  sonihmed. 
wheneier  possible,  with  the  ei.tphns  modtliet 
"neat  "  C  ottesl  niis'iiic  ot  midis  shaped  ele- 
ineui'  h\  mean-  ol  mdmdu.il  eli'tlieui  eeneta 
lion  mellioiis 

4  Aleree  duplnati  endpoints  Kedun1  file  sour 
ii t si t ion  time  teituired  In  means  ol  the  "p 
window"  sommatiil  to  isolate  the  mi'll 
homidat  n  - 

'  A  ikl  lo.nl  i  ne  •  and  sons!  I  .mu  -  to  I  lie  et  id  point  s. 
<  oitiplete  the  mode!  slti'sk-  In  U'ltie  the  ele 
ment  shimk  option  and.  with  i  ADDS  4\.  In 
hii'lilieht  mi  seles ted  emits  set 
l>  I  dit  i  lie  model  to  sottni  pi  ohlem  -  I  on  in!  dm 
me  the  model  slunk 

AA  rite  the  MM  N  \s  I  K  AN  lot  anolhet  'lip 
polled  anali'is  sodel  hulk  data  s.itd  iniaccs  to 
tape  1 1 si n ' t er  the  tape  to  the  IHA1  '()>',  tot 

aualssts 

I’osi-I’roct'ssinj; 

Kiieicnic  A  detail'  the  proeedm in  used  lot  the 
tcioscis .  translation,  and  display  ot  MSC  NAsIKAN 
endpoint  displ.ieemem  results.  A  hue!  summati  ot  the 
pti >s ml u i e  lollows. 

Add  a  setii'sol  MSC  NASIKAN  dn eel  mams 
ahsti.nt  pi oet atiimme  laticua.ee  statemettl'  to  the  anal 
on  ill's  k  hetoie  eseiution  I  he'i'  slatemeut'  wine  tin 
mtetiot  etidpomi  dispkn emettt  table  Ol  C,A  I  to  tape 
on  the  IliAl  iol  I  A  M  s' :  'iiiewme  the  anaU-cji'.  csc-utc 
ti  e  tet.'' mat! me  ptoetam  to  te.nl  the  .those  laps  and 
piodme  a  (  ompaieisistoi:  •  e.niahli  I  tie  oi'  the  '.lire 
tape  Itai  -let  the  'api  to  Me  l  .  •Il'puti't  S'tsioi  -'"tell, 
ami  si'Ttsi::  M.i  Jiat.ntet  e'  'o  t  .'tr.pu'e' s  toot  to' 
Ui.it  I  se.u'e  .1  P'.v'att  t . 1  s  ■  ■  II  pie's  Me  n'ottl  a't  re. 
and  w  '  Ii  ' !  .  p!.n  i  It  c: .:  .!a  'a  Mu  rid  l.in!..ui  an .  ■  a 
•I'Pal.Ui  i  1 1  Ks.n!  ;.|M  h’adi.l-i  '.Is  pto  Mu'  1  i’ll 

pi k'f  \  i  •  ii  *1 .  i :  a:,"  .'  '  ;’,i,  k  ,i.\  .  .1:  s!  >;  sp..iv  i‘;a'  s!a 

w  :•!;  !  K  .:  sM  ■'  a"  (  \|)|>S  ;\  -oil'!!:. 
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INTROIH  (  TION 


I  rom  striped  bass  to  synthetic-aperture  radar,  the  range  ol  the  l.aboralo- 
r>\  work  in  matters  that  relate  to  the  oceans  is  wide  indeed.  At  the  one  extreme, 
we  1 1  x  to  fathom  processes  that  are  at  the  core  of  the  decline  of  the  toothsome 
rockfish;  at  the  other,  we  seek  to  exploit  the  capabilities  of  advanced  radars  to 
map  the  mesoscale  features  of  the  ocean's  surface. 

Between  such  contrasting'  pursuits  lie s  a  great  diver  vity  of  cfl'ori  here  at 
M’l  m  the  fields  of  ocean  science  and  ocean  technology  I  he  common  threads 
that  run  through  such  varied  endeavors  are,  first,  the  search  for  understanding 
and.  second,  the  application  of  that  understanding  to  practical  purposes  —  the 
same  threads  that  have  been  woven  into  the  very  fabric  ol  the  1  aboratoryN  work 
since  its  inception. 

\s  might  be  expected,  many  ot  the  projects  m  ocean  science  and  tcJmolo 
gy  (( )N  I  )  contribute  directly  t o  the  support  ot  Nav  y  programs  Both  >ut  lace  and 
subsurface  ocean  processes  and  properties  are  investigated,  and  the  knowledge 
gained  is  put  to  use  in  a  variety  of  programs,  most  notably  those  t  e!.u ,\t  ;i nder 
sea  warfare.  Currently  the  I  aboratoty  supports  several  ditteient  Navv  -ponsois 
in  more  than  a  score  of  such  projects. 

Not  so  well  known  is  that  the  I  aboiatory  wotks  m  significant  <  )vs I  pie 
grams  toi  .1  variety  ot  spoiisoi s  othet  than  the  Nav  v ;  they  unhide  the  tollowme 
agencies: 

Detense  Advancevl  Kesearch  Ptoiects  -\gencv 
National  Oceanic  and  Atmosphenc  Adinmistiation 
Public  Service  I  lectric  and  Cas  (.  o.  tot  New  Jersey  I 
State  ot  Star  y  land 
1  lilted  States  \i  mv 

1  mted  States  |  ish  and  Wildhte  Service 

\  small  sample  ot  OS  I  wotk  done  tvu  Navy  sponsors  appears  lit  this  sec¬ 
tion  Most  such  etlorts  must  go  untemaiked  lot  teasotis  ot  security,  but  the  ac¬ 
complishments  repotted  here,  albeit  lot  the  nnlitaiy.  illustrate  the  way  m  which 
the  1  aboratorv  applies  its  capabilties  toward  the  solution  ot  ocean-related  piob 
leuis  ol  impoitance  to  sevetal  components  ot  out  society 


A  MW  IK  HNigi  l  K)R  TIIH  K\C  APSl  I  A TION 
OK  THKKMISIOKS 

(  .  V\  .  Anderson  uml  ( ..  .1 .  f  urruggiu 


1  new  teehnn/ue  was  dt‘i  eto/H'd  in  enea/'sulale 
thermistors  nstJil  tin  u  lout'll  in vanovraphti  insmimetil 
arra\ .  I  he  It't  hnii/ue  Inis  snimfit  Limit  increased  l he  set 
i  livable  hie  <>l  the  thermistor  assemblies  In  reduttny  b\ 
tin  onler  iij  tmiyrutude  the  Iret/uein  v  ot  leaks  mused  hi 
u  uler  intrusion  into  the  insi/hinne  enni/'siilaiton  It  also 
luis  retimed  the  Jabricalion  tune  In  two-thi-ds  and  the 
/trodui  lion  eosts  by  one  hall. 

BA(  K(.ROI  NI) 

In  development  began  on  ati  oceanograph¬ 
ic  instrument  svstem  consisting  ol  an  arrav  ot  thermis- 
tois  mounted  along  an  electucnl  mechanical  cable. 
MoaMiiciin.Mil'  Irom  the  thermistors  ptovide  a  vertical 
profile  ol  t tic  ocean''  temperature  a'  the  anas  i'  towed 
behind  ;i  rc'carch  'hip.  t  lie  combination  ot  plastic  low  - 
drag  tailings  on  l tie  cable  and  t tic  hvdrofoil  deprc"Oi 
allow'  i tic  l lici nii'toi  ana>  to  nail  at  a  'teep  vertical 
ancle.  1  he  tainne  no'C  i'  ii'ed  a'  the  mounting  location 
lor  the  Ihcrmi'tor  in  oidet  to  e\po'c  it  to  maximum  tree 
flow . 

1  he  t hoi ini'lot  mounting  should  have  the  con- 
tout  ot  i lie  tainne  no'cpiecc.  it  need'  it'  be  flexible  'o 
that  it  can  be  secuted  atoiind  i he  cable  strength  mem- 
bet.  amt  it  in  ii  si  pi  ovule  mechanical  and  electrical  i  ill  cl’  - 
tnv  lot  the  piotection  ot  the  fragile  glass-head  diet  ini'- 
tot  and  elcctiK.il  connections. 

( >i igmallv .  the  mountine  that  encapsulated  the 
thetini'toi  was  made  ot  a  'Hide  polvurethane  vom- 
pound  because  il  appealed  t i *  meet  the  ct  net  ta  toi  tlexi 
hilnv,  stienelh.  and  ekktik.il  iii'iilatton  I  liet  nii'toi 
.I'sembliC'  li.nl  'hovvi:  no  degradation  i’t  insulation 
intectilv  when  tested  tindei  livdtO'tatK  pre"tiie 
loading.  but  the  unit'  weie  not  exposed  to  mechanical 
Hexing.  I  inlet  .ktu.il  me.  the  niechaiiic.il  Hexing  and 
hvdt  oslnt  ic  pic"ute  load  me  .  amed  the  bond'  along  the 
thetini'toi  stem  and  wne  tee.il In oueli  section  to  bieak 
down.  iC'ulline  an  seawatei  leak.'  ■  and  cleeltk.il 
-hoi  line 

Diinne  cailv  sea  tests,  die  i|iiantilv  ot  dieimis 
tor  -  in  i lie  ai  i av  t  tew  ei  ill. ill  t In  ee  dozen  l  w  as  as  lut  gc  as 
could  be  mainiaincel  m  the  Held,  eiven  the  low  ichahil 
lie  ol  individual  seii'Ois  liv  I'ftO.  lesi  'eliedules  hud 
become  deinandine  to  a  deeice  that  alloweel  little  mote 
than  iniiioi  tep.uis  m  die  field.  i e ' u 1 1 1 1 i o  in  some  h"s  ot 
data  diiiinr  test  opciaiioii'  (  one ur  t cm lv  .  the  icipiue 
incut  ti'i  alateei  dieiuii'toi  aiiav  eitieteed  In.kldition 


to  the  limiting  factor  of  seiisoi  leliabilnv,  the  tabrica- 
non  techniques  then  available  militated  against  a  large 
increase  in  the  size  ot  an  arrav  because  ot  the  Inch  cost 
ol  each  sensor  assemble.  It  became  clear  that  much- 
unproved  encapsulation  techniques  were  needed  in 
order  to  Held  a  new.  larger  svstem  in  a  reliable  configu¬ 
ration  at  an  atloidable  price. 

In  the  spring  ot  ldfO.  AIM  \  Mectrical  fabrica¬ 
tion  Group,  I  lectrical  Design  Group,  and  the  Test 
Group  ot  the  Submarine  lechnologv  Division  com¬ 
bined  efforts  to  develop  an  inexpensive  wav  to  fabricate 
large  quantities  ol  thermistor  assemblies  that  would 
remain  mechanicallv  and  elect  ri  cal  I  >  sound  throughout 
several  oceanographic  test'. 


DISC  l  SSION 

An  investigation  was  started  to  determine  the 
good  and  bad  characteristics  of  the  exisiiing  mounting 
design  and  encapsulating  procedures.  Its  objectives 
were  to  prevent  seawater  leakage  into  the  encapsulated 
assemble,  simplitv  the  encapsulation  procedures,  iden¬ 
tify.  the  material  properties  of  available  encapsulants 
when  used  ill  the  ocean  environment,  and  establish  test¬ 
ing  methods  to  evaluate  various  designs. 

I  hose  objectives  were  met  svsiematicallv  bv  pro¬ 
curing  numerous  encapsulation  materials  and  bv  build¬ 
ing  and  testing  several  prototv pe  thermistor  casting 
mold  configurations.  Mechanical  fixtures  were  built  for 
tunning  dvnaniic.  flexural,  and  sheai  test'  under  hvdro 
static  pressure  in  ordet  to  expose  bonding  delamina- 
lions  and  cracking  weaknesses.  I  he  final  design  ot  the 
Misting  molds  focused  on  eliminating  tight  assemble  tol¬ 
erances  while  maintaining  high  picce-to-piece  uniformi- 
iv  Giaphic  step-hv-step  tabricatn'ti  procedute'  weie 
documented  lot  use  bv  shop  technicians  to  imptove  the 
quahtv  ot  the  finished  assemblies. 

I  he  production  ot  the  t fret  mistot  lairing  mounts 
begins  bv  preparing  the  glass-bead  thetmistots  and  the 
electik.il  wiies  that  extend  tiom  the  thetmistots  to  the 
electiomcs.  I  he  ttagile  thetmi'tois  ate  cleaned  m 
boiling  acetone  and  k  ept  live  ot  contamination, 
including  linger pi  ini',  thiouglioui  the  lemaimiig 
.tssemblv  steps 

I  leciik.il  woes  designed  speciticallv  tot  the  up 
plk.ilion  .lie  encapsulated  in  a  thin  outei  jacket  of 


t  onap  I  N  ’’  urethane  (1  ie.  1 1.  1  lie  wire  is  twisted  and 
shielded  to  leduce  capacitisc  couphntr  and  is  cos  tied 
with  an  inn ei  polssmsl  chloiidc  |I‘\C)  ami  an  outer 
pols  urethane  tackct.  I  he  f * \  t  piosulcs  tueli  eleetneal 
uisulalion  inlemls.  and  i he  pokuiethane  pi  os  ides  a 
touch  ahiasion-resistani  coser.  Both  nialeiials  adhere 
well  to  the  e neaps ul a nt  Picpoiliue  l he  w  ire  pros  ides  an 
initial  barrier  aeanist  seawater  intrusion  and  seises  as  a 
w  a>  to  locate  t  he  de\  lee  in  I  he  subsequent  asscnihls 

I  lie  ends  ot  the  piepotted  eleetiual  ssno  that 
will  he  attached  to  the  iheimistoi  leads  ale  triinined. 
and  the  piece  is  placed  m  the  noseptece  nioiinl  castme 
mold  (l  il’.  2k  \  siiiL’Ie  alieiiinenl  shc\k  ensuies  piopei 
w ire  placement  I  he  molds  aie  coated  w ith  a  pet manenl 
nonstick  sin  lace  ol  Istutt  kl  I  ellon  and  have  Ictlonin 
setts  m  certain  ct meal  areas.  No  spra>  -  on  I elea'C  aeenls 
ate  applied  because  contaniinalion  In  release  aeents  lias 
been  shown  to  decrude  encup'iilunt  adherence 
ptopetties. 

I  he  nosepiece  mold  n  tilled  with  (  onup  I  N  ' 
in  ethane  encapsu  Ian  I  that  is  piepared  and  cured  accot  d- 
inc  ti'  spectlic  instructions  1  ncapsiilatn  leakace,  called 
llaslime.  mas  show  up  neat  the  castmc-mold  parttnc 
lines  when  the  nosepiece  i'  icmosed  alter  cunne.  I  he 
I Uish t lie  is  easils  liimmed  oil  and  occurs  onl>  in 
nonctitical  areas  because  the  molds  wete  built  to  sets 
licit!  machimnc  tolerances. 

I  atce  quantities  ol  nosepiece  mounts  can  be  tab 
ncated  wheneset  there  is  an  anticipated  need  because 
the  thei  trust oi  s  aie  not  placed  in  the  mounts  until  all  the 
complicated  lubrication  steps  have  been  completed. 

I  he  I  ellon  block  shown  in  1  tit.  2  o  used  t s'  loi  in 
a  small  casus  in  the  nosepiece  that  will  Intel  hold  the 
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Figure  2  —  A  parbally  assouitjlod  nov.-piceo  umld 

lliermistor  and  the  cncapsulam  aiound  the  ihermtsior. 
I  lectrical  conductors  Irom  the  ptopotted  wires  placed 
in  i lie  I  ellon  block  arc  exposed  in  the  casus  and  ate 
reads  to  be  soldet  esl  tot  he  thermistor  leads. 

lliermistor  installation  in  the  molded  nosepiece 
lakes  place  in  a  soklerinc  fixture  (I  ic.  3).  Il  eenlls  holds 
and  ucciirutel>  locates  the  class  thermistoi  probe  so  that 
the  teeluncian's  hands  are  tree  to  solder  the  line  No.  40 
eauee  wues.  I  lie  installation  ol  the  thermistor  can  be 
completed  sc u h in  seseral  minutes 

1  he  tmal  assemble  step  consists  ot  lilline  the 
casus  aiound  the  theimistor  with  Iccobond  24  eposs, 
which  lorms  a  rieid  structural  toundation  tor  a  seal 
aiound  the  thermistoi  and  electrical  ssirc.  I’rior  to  ett- 


,  Thermistor  probe  | 
(No.  40  wires) 


Antirotation 
alignment  | 
(hidd 


Figure  3- 


capsulation.  a  luu seshoe  shaped  mold  is  clamped 
against  ihe  noscpiecc  to  uunpk'k'  the  aivn\  walls  and 
twin  the  eontout  ot  the  noscpiccc's  lcadmu  mu  lace- 
No  piimeis  ate  requited  on  the  alas-,  head  ot  iitethane 
stir  laee  to  aelnev  e  hondiiii!;  t  his  is  an  ad\  ant  ape  beeattsc 
some  pnincis  ahsoth  water  and  eattse  leaks  alter  e\ 
tended  submersion.  I  lie  urethane  epo\>  bond  without 
primers  lias  proven  to  be  stroneei  than  the  urethane 
nutlet  ml. 

1  icilie  4  shows  rhe  horseshoe  shaped  theninslol 
poltme  mold,  a  eompleted  thermistor  nosepiese  and  a 
proieelive  eovei  that  elips  over  the  nosepiese  to  prevent 
accidental  breakaee  iluiiiu'  'iiccccdine  cahbialioil 
ptocesliucs  anil  total  system  asseniblv 

KIM  I  IS 

I  lie  newly  developed  thermistor  mounts  look 
similar  to  those  made  ptioi  to  this  work;  however,  tliev 
have  little  in  common  with  the  earhei  versions  1  he 
choice  ot  maletials,  the  type  ot  electrical  conductor 
wires,  the  soniplevitv  ot  molds  and  tiMures.  and  the 
simplicitv  ot  assembly  procedures  are  chanced 
mar  kedlv . 

Samples  taken  randomlv  Itoin  production  were 
mechanically  talreuc  tested  by  severely  iwisimc  the 
rvoscpvece  nu'ums  while  mulct  hydrostatic  pressure  (Mttr 
pm  I .  Nvi  measinable  dceradation  to  the  thetmisioi  as¬ 
semblies  was  louiid  alter  tens  ot  thousands  ot  cvcle'. 
Similar  tests  on  prev  unisly  built  units  showed  insulation 
loss  alter  several  hundred  similar  cvcles. 


I  he  lowed  thetinisior  array  built  tor  a  tall  I'M 
held  lest  was  used  tor  loin  weeks  ot  shipboard  opera 
lion,  mcludme  live  days  ot  continuous  24  hour  townie 
I  icld  lestme  involved  daily  tlcMiie  and  twistuie  o!  : tic 
ihernnsior  nosepreces  as  the  anav  was  wound  around 
the  winch  and  ovet  the  townie  sheave  Ml  modi'  id 
lailutc.  including  insulation  loss  and  mcihutiKal  el.o- 
breakaee.  attested  less  than  V1,,  ot  the  assemblies,  a 
considerable  improvement  over  pilot  experience.  \  'Vi 
onil  and  independent  (her r 1 1 1 s : •  i r  svstem  was  built  lot  a 
I leld  test  conducted  in  the  sprmc  ot  1  dK4  Ni'  cncap'ulu 
lion  lailures  occtliied  alter  several  weeks  ot  lie’ll  test 
use 

lliennistoi  tabrication  tune  is  now  t educed  by 
h>"o.  tiom  over  10  hours  per  unit  to  4  .  Iiotiis  \ddi 
tional  sjvines  aie  re.ili/ed  because  tew  replacement 
units  are  needed  lot  spares,  and  held  repau  is  almost 
eliminated 

Mthoiiclt  these  techniques  weie  developed  spe- 
cilically  ti>  encapsulate  class- bead  thetinistois,  tliev  ate 
heme  used  m  several  other  areas  and  may  eventually 
prove  iisclul  lor  encapsulatme  otliei  types  ot  oceano- 
er  aphis  sensor  s, 
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.1.1.  Ho«eii  and  K.  I  .  I  .  Johnson.  .Ir. 


I  eom/’iiler  iinn/el  ol  the  i/c/i'i  /nm  of  a  suf'imi 
two  b\  u  ho  hi  of  f'i  1**11  .  iii  ouslu  *en*or*  boon  tie 
I  flo/tfil  I  \tonlf(  ur lo  nmilel,  u  i'enerule*  i onhiel  Mil 
min  *  /'i i\fil  on  i he  *uhinur  me  *miuiliire  imelmliini  if* 
nw e  lurunv  i  ontponer.fi  I .  the  motion  of  the  *uhmu 
nne  i, 'hi n i  e  l o  l hi •  irnln  iiluul  mum  i/a  (  meluilmit  the  us 
mu  tuled  el  lei  l*  on  ret  en  eif  mc/ii//  lei  eh) .  urn  I  the  ent  t 
'oilmen!  I  m<  Unltnv  '.he  iu/’uII i  ihunvmv  huek  erouittl 
Hi  i /  i i  i 


It  \(  M.ROl  Ml 

I  lie  piol'lem  was  In  assess  the  acoustic  deleel 
ahiliiv  nl  a  subniaimc  m  a  held  id  lowed  att.tv  'on.tts, 
I  he  appioach  id  developmi;  a  simulation  model  was 
adopted  because  man;  landoni  and  dv  namtc  el  I  eels  ate 
involved  m  an  eiieouniei  between  a  subm.iime  and  a 
held  ol  sensots.  1  hose  elteels,  m  the  acetccnle,  would 
make  i lie  development  ot  .inahlK  expressions  lot  the 
destted  le'iilts  exit emely  dll ticull .  I  he  tesitlls  the  model 
eet  let  ales  ate  i|it;t  tit  t  tain  e  estimates  ol  sin  v  ei  I  la  nee  pet 
lot  ttianee  in  letnis  ol  opeiationullv  siemheant  mea 
-me  1  ot  example,  estimates  ol  eotituet  and  loss  rales 
a  -  hi  net  tons  ol  sen  sot  density  in  dll  let  ent  opeiul  me  en 
viionments.  with  the  implied  ani'ottopk  and  dvnamic 
heli.o  tot .  ate  pat  t  k  iil.tt  lv  valuable  petlotmanee  mea 
-ate'  I  he  model  pi  ov  ides  the  doit  t  hut  ton  ol  sm  It  mea 
■  me'  lot  van. no  lombmapoii'  ot  steads  state  and 
t line  dependent  tadtaled  Menals.  V eot diiiclv  .  the  ie 
stills  tcadilv  apple  to  the  quantitative  examination  ot 
■ttili  l  h  t  n  >■  -  a-  the  cite.!  ol  noise  t  edits  lion  a>  a  eoun 
•et  mea  mte 


DIM  l  sslON 

Overview 

Iteute  I  i  a  mnphlied  diaetam  ot  the  niaiot 
t  utii  :  ion  -  m  i  he  model  I  lie  ha  t.  oh te, t iv  e  ot  the  cak  it 
Unions  o.  to  hud  'lie  aenal  e\a"  t  S/  t  at  e.ieh  aeons 
tis  t  c.  et  v  et  in  ea.  It  time  mte:  v  a  I  vsie  nal  iAsi’s.  is  dell  lied 
a  thi'  amount  ot  -acii.il  to  none  tatio  m  exii'ss  ol  a 
l  In  e -hold  \  .due  needed  to  do.  et  n  the  ptc'cfkc  o!  a  tat 
eel .  with  the  dele.  I  ton  1  In  i' holds  latitlh’  with  the  slut 
.uteiistk-  ot  the  sienal.  ee  .  -i.il'iluv  and  spedt.il 
s  hat  a.  tel 

I  lie  \ at  tons  tv  pro  ol  a. oust ti  siiutals  tadtaled  In 
a  'tihm.ttine  encompass  dtlletenee'  m  level,  speelr.il 


Figure  1  —  Flow  chart  of  model  functions 


content,  frequency  ot  oeettnenee.  and  duration, 
lowed-aitay  receivers  have  a/imuthally  varying!  re¬ 
sponse  Innetions  that  selectively  enhance  energy  arriv¬ 
ing  horn  ptelerted  directions.  Signals  are  attenuated  in 
water  hy  an  amount  that  is  ranee-  and  frequency  - 
dependent  (transmission  loss,  II  (AM).  I  he  received 
sienal  level  (v  I  varies  with  time  because  ol  changing 
tat  eel  receive!  distances  t  K  I  and  ancles  (it  )  that  are 
inhetenl  in  any  surveillance  cncountci ,  1  urthermote.  all 
the  sienals  are  accompanied  by  frequency -dependent, 
time  -varying  noise  (/t  )  because  the  noise  background 
contains  important  contributions  (torn  the  sea  surtace 
and  liom  shipping  m  the  region,  both  random  tunc- 

lions  ot  time 

( >tte  can  calculate  a  tile  ol  sienal  excess  based  on 
these  dvn.inik  laclots.  and  the  tile  can  be  manipulated 
to  yield  detection  statistics  ol  opci.utonal  interest 

Model  Sirueltire  and  Specifications 

I  lie  model  developed  to  teptesent  the  necessaty 
I  eat  iites  ol  the  problem  t'  a  lime  step  Monte  Carlo  sim¬ 
ulation.  coded  m  1  oiiian  and  cuitently  available  on 
a  \  \\  Model  II  'SO  computet  I  he  model  has  about 
tOOO  lines  ol  code  and  tequitos  some  410.000  bytes  ol 
siotaee,  ol  which  slightly  mote  than  halt  is  needed  lor 


transmission  loss  tables.  It  is  divided  into  subroutines, 
distinct  blocks  ol  ss hicli  peilottn  each  ol  the  functions 
in  l  ie.  1.  Whercvci  possible,  specific  parameters  ot 
data  are  provided  ester  nails  through  data  tiles  ot  pro- 
gr am  input s.  I  able  )  identifies  the  major  liinciioiial 
blocks  and  the*  t  >  lies  of  data  pi  or  tded  to  each 

Table  1  — Functional  modules  and  inputs 
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I  inidameiitalK ,  the  model  allows  the  placement 
ol  some  number  ol  receivets  at  nut  mils  specified  loca¬ 
tions.  and  then  it  inous  them.  At  present  the  receivers 
ate  lowed  arrays,  and  they  ate  being  moved  back  and 
Ini t h  alone  patallel  track  segments.  I  he  target  siibtna 
tine  conducts  a  ••random”  paltol  (at  ptesetii)  in  the 
midst  ot  the  mosine  receivers  while  its  detectability  is 
ev  aluated.  1  at  eel  mol  ion  is  const  t  anted  tot  einaiii  with¬ 
in  the  tiekl  ol  sensot'  in  a  wav  that  simulates  uncoil 
't t allied  motion  in  a  Lit  get  held. 

Is  picul  inns  involve  a  tatget  on  patrol  toi  StKI 
In  nit  s  m  a  held  ol  nine  sensois;  compulations  aie  pet 
tonned  eveiv  b  mm  One  tephcation  ol  such  a  tun 
tctpiites  about  ')()  mm  ot  cenual  processing  unit  time 
I  v  pis  a  II  v .  mote  than  one  tephcation  was  touiul  to  be 
imnecessai  v  because  tin  icmpoial  sanations  over  one 
Six  I  h  i  un  are  stii  hciem  to  establish  reliable  statistics. 

Submodule  (  huracteristics 

I  he  submodule  leaii/aiions  that  constitute*  the 
model  are  based  extensively  on  available  data  \  antis 
heal  chatacteri/ation  ol  subniaiiue  motion  was  .level 


oped,  as  were  dist  1 1 but  ions  ot  landomlv  timed  inlet  mu 
lent  acoustic  emissions  Siena!  souue  level'  ate  based 
on  at-sea  mea'iitemeiits.  1  he  model  Heals  the  signal 
spectmm  as  it  u  wetc  composed  ol  discictc  bands  ol 
vaiving  widths;  each  baud  o  associated  with  pi  open  ic- 
necessary  to  inlet  detection  iluediolds  (tieated  as  model 
m  puts  |  and  to  select  the  suitable  it  an  emission  loss  pom 
data  I  lies  reptesenting  specihc  env  iionmenl' 

I  he  most  complex  and  challenging  submodule  o 
the  one  that  esiiinales  ambient  noise.  As  was  noted  cat 
het.  the  intrinsically  tune  -v  ary  me  constituent'  ot  noise 
tesiilt  I  torn  shipping  and  wind.  I  hose  components  ate 
modeled  separately  and  are  then  powet  summed. 

Shipping  noise  is  based  on  a  time  senes  genet - 
ated  by  a  model  that  allows  lot  the  movement  cd  ships 
about  a  receiver,  thus  changing  not  only  distances  but 
also  the  bearings  relative  to  the  receiver  array  pattern. 
I  he  total  shipping  noise  at  any  time  is  the  incoherent 
sum  ol  contributions  (beam  formed  as  necessarv)  horn 
individual  ships.  Shipping-noise  time  series  are  (requeu¬ 
es  dependent  because  the  ship-radiated  levels,  the  prop¬ 
agation  to  the  receiver,  and  the  arrav  patterns  are  all 
frequency  dependent.  I  he  shipping-noise  time  series  ate 
then  processed  by  a  derivative  model  that  abstract'  the 
temporal  behavior  of  the  mainiobc  and  sidelobe  contri¬ 
butions  separately;  the  former  cause  short  duration 
peaks  or  spikes  in  the  noise,  while  the  latter  make  more 
slowly  varying  contributions. 

1  he  wind-noise  variations  are  induced  primarily 
by  changes  in  wind  speed.  In  the  model,  wind  speeds  are 
drawn  randomly  from  regionally  and  seasonally  specif¬ 
ic  distributions  at  time  inteivals  selected  from  a  second 
(exponential)  distribution.  They  are  then  converted  to 
wind-noise  variations  m  time;  the  mean  and  standatd 
deviation  ol  an  (assumed)  tiaiissian  process  are  related 
deterministically  to  the  wind  speed,  and  random  draws 
are  made  from  that  distribution.  I  he  procedure  results 
in  a  rapid  and  small  wind-noise  variation  superposed  on 
a  (typically)  slower  and  target  satiation  induced  deter¬ 
ministically  bv  wind  speed  changes. 

It  should  be  noted  that  this  complex  model  ot 
ocean  ambient  noise  follows  physical  evidence  that  is 
wulclv  documented  m  the  hieiatuic  It  has  been 
c.uetullv  compaied  with,  and  influenced  bv,  extensive 
ai  sea  measurements  made  bv  I  aboratotv  personnel, 
patttculaily  those  made  in  NKU.tnd  14KI 


Model  Outputs 

I  he  principal  icsults  generated  bv  the  model, 
summaii/cd  in  I  able  2.  vs  etc  selected  so  as  tv'  permit 
broad  analvscs  ot  a  variety  ot  taclors  relating  to  sutxeil- 
lance  system  eltecliveness.  I  ach  oiit|'iit  is  computed  for 


Table  2  —  Model  output-!  tot  each  sujiiatu-e  element 
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the  tii  1 1  cron  t  signal  elements  in  ihe  submarine  signature; 
these  elemeril'i  ean  he  combined  in  tlillereni  wavs, 
including  a  combination  incorpor aline  all  potentiallv 
detectable  signals. 

\nalvses  ot  the  outputs  I  mm  a  particular  run 
penult  the  iileiitiTieation  ot  the  most  significant  ti  e., 
most  compromising)  elements  in  the  signature.  Sutteil 
lance  ollociixeness  can  he  estimated  in  terms  ol  distn 
Inilit'iis  tit  times  m  and  out  ol  contact,  probabilities 
that  at  am  tniidom  time  the  searchers  are  in  contact 
with  the  tatgel,  and  Ihe  dtstt ibtiiions  ol  times  since 


contact  was  last  held.  Ihe  effects  ol  sanations  in 
numbers  (densits)  ol  search  platforms,  target  01  search 
platform  speeds,  or  levels  ol  target-radiated  noise  can 
be  established  with  successiv e  runs  of  the  model. 
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I  lie  collaboiutivc  biomedical  pmgium  between  AIM  aiKl  I  he  Johns  Hop¬ 
kins  t  mversitv’s Seliool  ol  Medicine  began  in  IM65.  I  he  program  brines  together 
1  lie  expertise  in  medical  and  biological  seienees  tound  at  the  Medical  School  with 
those  m  the  physical  sciences,  engineering.  and  mathematics  round  at  MM.,  m 
older  to  solve  Mendicant  problems  in  biomedical  science  and  health-care  deliv¬ 
er  I  rom  the  beginning.  the  collaboiatton  has  received  strong  suppoit  (torn  the 
l  mvetsitv's  leadership  and  encoutagement  trout  the  \avv,  MM  \  sponsor,  the 
strength  ol  the  collaboration  is  evidenced  hv  the  joint  appointments  made  within 
the  two  l  nivetsiiv  divisions:  IS  members  ol  the  MM  stall  have  appointments 
a;  the  Medical  School,  and  lb  members  ot  the  medical  tacultv  have  Principal 
Professional  Stall  appointments  at  MM 

(  in icntlv ,  iheie  at e  Ml  active  ptojects  in  opluhalmologv .  neutosensorv  re- 
scutch  and  instrumentation  development,  cardiovascular  svstems,  patient  monitor¬ 
ing.  theiapv  and  rehabilitation,  clinical  information  svstems.  and  clinical 
cmu/ieerm it.  Hniiv  sis  MM  phvsical  scientists  and  engineers  are  vvorkmj!  in  col¬ 
laboration  with  biomedical  scientists  and  clinicians  trom  12  JHMI  departments 
on  those  protects  I  lieu  reseat ch  and  development  results  are  published  in  the 
peet  ivvievvcd  seientilic  and  medical  literature.  Since  the  program’s  inception,  over 
bio  papers  have  been  published,  and  there  are  even  more  published  abstracts  and 
piesentations  at  maioi  scien t i tic  and  medical  meetings. 

I  he  at  tides  appeal  mg  m  tilts  v cat's  t  /'/  Schvtcii  .lccnm/i/is/imeri/v  indi¬ 
cate  the  bte.ulth  ot  the  collaborative  biomedical  eltoit.  I  hev  viesetibe  eilorts  in 
ophthalinoloev .  the  magnetic  detection  ol  biatn  waves,  al  ter v  repair,  and  the  de¬ 
velopment  ol  vlev ,ces  tot  specilic  medical  prvvblems. 
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overlie  arteries,  capillary-free  zones  eventually  form  as 
the  arterial  vessel  gradually  moves  into  and  occupies  the 
capillary  plane.  We  speculate  that  capillary  atrophy 
may,  in  fact,  be  initiated  by  displacement  of  the 
capillaries. 

Veins 

Veins  are  formed  by  the  coalescence  of  embryon¬ 
ic  capillaries  into  lacunas,  which  then  remodel  into 
veins.  The  pattern  of  venous  vessels  appears  to  depend 
passively  on  the  earlier  developed  pattern  of  arterial 
vessels,  the  shape  and  size  of  each  vein  being  a  con¬ 
sequence  of  the  total  blood  flow  and  pressure  it  must 
accommodate. 
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For  a  significant  period  during  their  develop¬ 
ment,  the  vitreous  and  lens  of  the  eye  are  nourished  by 
the  hyaloid  vascular  system,  a  network  of  blood  vessels 
that  consists  of  the  tunica  vasculosa  lentis  ( vessels  that 
surround  the  immature  lens)  and  the  vasa  hyaloidea 
propria  ( vessels  that  permeate  the  vitreous).  As  the  eye 
matures,  the  hyaloid  system  gradually  atrophies,  and  it 
disappears  shortly  after  maturation  of  the  eye.  Several 
species  of  animats,  including  cats,  dogs,  and  mice,  nor¬ 
mally  are  born  full  term  with  immature  eyes,  providing 
an  opportunity  to  study  the  hyaloid  system.  It  has  been 
reported1  that  neovascularization  occurs  in  the  tunica 
vasculosa  lentis  of  newborn  mice  reared  in  environ¬ 
ments  of  high  oxygen  content,  but  our  study  produced 
evidence  that  indicates  instead  that  oxygen  exposure 
delays  the  normal  atrophy  of  the  hyaloid  vessels, 
causing  them  to  persist  for  an  abnormally  long  time 
postnatally. 


BACKGROUND 

It  has  been  suggested  that  the  hyaloid  vascula¬ 
ture  of  newborn  mice  undergoes  vasoproliferation  after 
oxygen  exposure  and  therefore  might  be  used  as  an  ex¬ 
perimental  model  of  neovascularization.  A  scanning 
electron  microscopic  (SEM)  technique  that  provides  vis¬ 
ualization  of  the  entire  hyaloid  vascular  system  was 
used  to  study  its  response  in  mice  exposed  to  elevated 
oxygen  levels.  Marked  differences  were  found  between 
the  hyaloid  regression  in  oxygen-exposed  mice  com¬ 
pared  to  control  mice  kept  in  air,  but  no  evidence  of 
neovascularization  was  found  in  any  group.  It  was  con¬ 
cluded  that  the  dilated,  persistent  hyaloid  vessels  and 
accompanying  exudates  may  have  been  misinterpreted 
previously  as  vasoproliferation  in  the  histologic  cross 
sections  of  the  earlier  studies,  indicating  that  the  new- 


born  mouse  is  not  a  proper  model  of  neovasculariza¬ 
tion. 

For  a  significant  period  during  early  develop¬ 
ment  of  the  eye,  the  hyaloid  vascular  system  constitutes 
the  main  blood  supply  for  the  developing  lens  and  vitre¬ 
ous.  As  the  eye  matures,  the  metabolic  needs  of  the  lens 
and  vitreous  gradually  decrease,  and  the  retinal  vascula¬ 
ture  matures  concomitantly  with  the  atrophy  of  the  hya¬ 
loid  vasculature;  yet  both  the  retinal  and  hyaloid  vascu¬ 
lar  systems  share  a  common  arterial  supply  at  the  optic 
nerve  head.  It  has  been  long  recognized  that  both  of 
these  vasculatures  are  affected  by  prolonged  exposure 
to  elevated  oxygen  levels. 

The  mouse  eye  is  suitable  for  the  study  of  the  hy¬ 
aloid  vessels  because  these  vessels  are  fully  developed  at 
full-term  birth  (Fig.  1).  The  retinal  vessels,  on  the  other 
hand,  have  only  begun  to  form  near  the  optic  disc  at 
birth;  this  vascular  development  is  comparable  to  that 
in  the  human  embryonic  eye  at  about  three  to  four 
months  gestation.  The  changes  seen  in  the  newborn 
mouse  during  the  first  four  weeks  of  life  may  reflect  (at 
least  approximately)  human  eye  development  between 
the  fourth  month  of  gestation  and  birth. 

In  early  experiments,  the  hyaloid  vessels  of  oxy¬ 
gen-exposed  newborn  mice  were  examined  by  histologic 
cross  sections  made  of  whole  eyes.  It  was  reported  that 
a  persistence  and  probable  proliferation  of  the  retrolen- 
tal  hyaloid  vessels  occurred  and  that  the  retinal  vessels 
were  constricted.2  Later  studies  using  eyes  injected  with 


Figure  1  —  Anatomy  of  the  normal  hyaloid  vasculature 
from  a  3-day-old-mouse  eye;  hyaloid  artery  (short  white 
arrow),  hyaloid  vessels  nourishing  the  posterior  lens 
(black  arrow),  and  vitreal  cavity  (long  white  arrow)  (bar 
gauge  =  100  <im) 


India  ink  suggested  a  “profuse  proliferation  of  new  ves¬ 
sels”  in  the  hyaloid  of  newborn  mice  exposed  to  oxy¬ 
gen  for  5  days  and  then  returned  to  air  for  5  days.  '  Patz 
first  suggested  the  SEM  technique  to  study  the  oxygen 
effect  on  the  mouse  hyaloid  and  found  a  “second  layer 
of  vessels”  overlying  the  persistent  hyaloid.  However, 
he  was  not  able  to  distinguish  between  “abnormal  per¬ 
sistence  or  possible  proliferation”  of  those  vessels. 
Using  the  same  technique  and  procedure  but  examining 
mice  it;  different  age  groups  during  and  after  oxygen  ex¬ 
posure,  we  attempted  to  determine  if  the  hyaloid  vascu¬ 
lature  in  oxygen-reared  mice  truly  develops  neovascu¬ 
larization. 


METHODS 

One-day-old  albino  mouse  litters  and  mothers 
were  reared  either  in  air  as  controls  or  in  70%  oxy¬ 
gen/30%  nitrogen  as  test  animals.  Test  mice  were  raised 
in  isolettes  ventilated  with  the  humidified  gas  for  up  to 
14  days  and  then  returned  to  room  air.  Mice  from  each 
group  were  killed  on  days  1,  3,  7,  10,  14,  21,  and  28. 
Specimens  were  prepared  using  a  standard  biologic 
technique  for  SEM. 


RESULTS 

In  contrast  to  the  vasoconstriction  response  ob¬ 
served  in  the  developing  retinal  vessels  during  continu¬ 
ous  exposure  to  70%  oxygen/30%  nitrogen,  it  is  note¬ 
worthy  that  the  hyaloid  vessels  remained  patent.  While 
there  was  little  change  in  the  vascular  pattern  during  the 
first  days  of  oxygen  exposure,  by  the  second  week  of 
continuous  hyperoxia  a  vascular  persistence  of  delayed 
vascular  regression  accompanied  by  increasing  vascular 
distention  occurred  in  the  tunica  vasculosa  lentis 
(TVL);  this  occurred  to  an  even  greater  extent  in  the 
vasa  hyaloidea  propria  (VHP).  These  oxygen-induced 
changes  were  even  more  pronounced  when  the  mice 
were  returned  to  room  air  for  one  week  following  6  to 
14  days  of  oxygen  exposure  (Fig.  2a).  In  addition  to 
vasodilation  in  both  the  TVL  and  the  VHP,  there  often 
were  exudates  in  the  primary  vitreous  that  partially  or 
totally  masked  the  posterior  surface  of  the  lens.  After  a 
second  week  in  air,  those  vessels  always  became  smaller 
and  continued  their  regression.  In  no  specimen  exam¬ 
ined  was  there  ever  a  greater  number  of  TVL  vessels 
than  was  present  in  a  normal  newborn  eye,  and  there 
was  no  indication  of  neovascular  tuft  formation. 

Our  interpretation  of  the  data  from  this  study 
leads  us  to  the  following  conclusions  with  respect  to  the 
mouse  eye  as  an  experimental  model: 


Figure  2  —  Scanning  electron  micrographs  of  the  eye 
from  a  10-day-old  mouse  reared  in  oxygen  for  6  days  and 
then  returned  to  room  air  for  3  days,  (a)  Note  huge  vas¬ 
cular  distention  in  vitreal  hyaloid  vessels  overlying  the 
hyaloid  vessels  of  the  posterior  lens  ( x  75).  (b)  Higher 
magnification  view.  Note  the  open  and  distended 
overlying  vessels  embedded  in  exudates  and  cells 
(  x  370) 


1.  The  mouse  hyaloid  vasculature  appears  not 
to  be  a  model  for  the  formation  of  intraocu¬ 
lar  neovascularization. 

2.  Oxygen  exposure  of  newborn  mice  leads  to 
pathologic  persistence  and  distention  in  the 
TVL  and  also,  to  an  even  greater  extent,  in 
the  VHP  with  subsequent  bleeding  and  exu¬ 
date  deposition  in  the  primary  vitreous.  Con¬ 
ceivably,  pathologic  changes  of  the  vitreal 
branches  of  the  hyaloid  vasculature  could 
play  a  role  in  some  of  the  cases  of  advanced 
stages  of  retrolental  fibroplasia  (a  blinding 
retinal  disease  of  premature  infants  associ¬ 
ated  with  prolonged  oxygen  exposure). 

3.  The  hyaloid  vasculature  is  an  appropriate 
model  for  studying  the  relationship  between 
atrophic  vessels  (the  hyaloid  system)  and  a  de¬ 
veloping  vasculature  (the  retinal  circulation); 
these  two  systems  are  hydrostatically  coupled 
to  “active”  vessels  capable  of  responding  to 
changes  in  the  arterial  pO,  level.  Such  vascu¬ 
lar  combinations  may  exist  in  human  dis¬ 
eases.  Examples  of  the  relationship  might  be 
found  between  extant  preretinal  vessels  and 
the  normal  retinal  vasculature  in  diabetic  ret¬ 
inopathy  following  laser  photocoagulation 
therapy  or  even  in  cases  of  regressing  retro¬ 
lental  fibroplasia. 
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STROMAL  DAMAGE  IN  RABBIT  CORNEAS  EXPOSED  TO 
C02  LASER  RADIATION 

R.  L.  McCally,  t.  B.  Bargeron,  W  .  R.  Green  (JHMI),  and  R.  A.  Farrell 


We  have  found  that  threshold  damage  of  all 
types  of  corneal  cells — stromal,  epithelial,  and  endothe¬ 
lial — is  correlated  with  their  achieving  similar  peak  tem¬ 
perature  increases  that  have  similar  dependences  on  ex¬ 
posure  duration.  This  suggests  that  all  these  cell  types 
have  the  same  thermal  damage  mechanism. 


BACKGROUND 

The  cornea  is  the  transparent  front  wall  of  the 
eye  through  which  we  see.  From  front  to  back,  it  con¬ 
sists  of  a  tear  layer  (about  6  ^m  thick),  a  cellular  layer 
five  to  six  cells  thick  called  the  epithelium  (about  40  jim 
thick),  the  collagenous  connective  tissue  layer  called  the 
stroma  (about  350  ^m  thick),  and  a  single  layer  of  cells 
called  the  endothelium  (about  5  gm  thick).  Cells  called 
keratocytes  are  interspersed  within  the  stroma  and 
occupy  3  to  5%  of  the  stromal  volume. 

Because  the  cornea  is  about  80%  water,  it 
strongly  absorbs  infrared  radiation.  Indeed,  99%  of  the 
10.6  ^m  radiation  emitted  by  a  CO,  laser  would  be 
absorbed  in  the  first  48  /im  of  penetration  and  would 
therefore  raise  the  temperature  of  the  cornea’s  epitheli¬ 
um.  Thus,  most  investigations  into  the  nature  of  CO, 
laser  damage  and  the  threshold  conditions  that  cause  it 
have  concentrated  on  this  cellular  layer.1  1  However, 
heat  conduction  causes  the  spread  of  the  thermal  insult 
to  deeper  layers.  In  this  regard,  we  recently  have 
reported  the  threshold  conditions  for  damaging  the  en¬ 
dothelium4-  and  have  determined  the  temperature  his¬ 
tories  at  the  endothelium  following  such  exposure.'-'’ 

During  the  course  of  those  investigations,  we 
noted  that  corneas  that  had  been  exposed  above  the 
threshold  for  epithelial  damage,  but  below  that  for  en¬ 
dothelial  damage,  developed  characteristic  bowl-shaped 
lesions  in  the  stroma.  Examinations  48  hours  following 
such  exposures  showed  that  the  edges  of  the  lesion  were 
sharply  defined,  and  histology  showed  that  the  injured 
area  was  essentially  devoid  of  cells.  Furthermore,  the 
keratocytes  just  outside  the  cell-free  region  were  found 
to  be  normal.  These  observations  suggested  to  us  that 
the  keratocyte  damage  depends  sensitively  on  the 
thermal  insult.  Thus,  we  designed  experiments  to  deter¬ 
mine  the  conditions  that  produce  minimal  thermal  dam¬ 
age  to  keratocytes  in  order  to  discover  how  their  dam¬ 
age  thresholds  compare  to  those  of  the  other  corneal 
cells." 


RESULTS 

A  CO,  laser  operating  in  the  TEM,mi  mode, 
which  has  a  Gaussian  irradiance  profile,  was  used  to 
produce  stromal  damage."  With  the  laser  operating  at 
0.27  W,  the  Me  radius  of  the  beam  was  set  at  0.94  mm 
and  the  peak  irradiance  was  9.7  W/cm:.  At  1.2  W,  the 
Me  radius  of  the  beam  was  1 .2  mm,  and  the  peak  irradi¬ 
ance  was  26  W/cm:.  The  exposure  durations  for  these 
two  power  levels  were  2.5  and  0.4  s,  respectively.  Both 
exposures  are  about  four  times  longer  than  that  re¬ 
quired  to  produce  minimal  epithelial  damage  at  the  re¬ 
spective  power  levels,1  ’  and  both  produced  similar 
damage  to  the  cornea. 

Figure  1  is  a  slit-lamp  photograph  taken  48 
hours  following  an  exposure  of  26  W/cm:  for  0.4  s.  It 
shows  the  profile  of  the  bowl-shaped  lesion  at  its  deep¬ 
est  point.  Figure  2  is  a  composite  light  micrograph  of 
another  cornea  exposed  the  same  way  as  the  one  in  Fig. 
1 .  The  sections  were  cut  as  nearly  as  possible  to  a  plane 
passing  through  the  center  of  the  circular  damage  area. 
At  its  deepest  point,  the  essentially  cell-free  lesion  ex¬ 
tends  about  halfway  through  the  stroma.  Higher  mag¬ 
nification  electron  micrographs  of  this  lesion  (not 
presented)  show  that  the  few  remaining  cells  are  dead. 
They  have  small  vacuoles  and  show  a  loss  of  normal 


Figure  1  —  Slit-lamp  photograph  of  a  laser  lesion  48 
hours  after  an  exposure  of  26  W/cm2  for  0.4  s.  The  slit 
lamp  was  arranged  so  that  the  light  was  incident  per¬ 
pendicular  to  the  surface  of  the  cornea  at  the  middle  of 
the  circular  lesion.  The  bowl-shaped  profile  of  the  lesion 
at  its  deepest  point  is  revealed. 


Figure  2  —  A  montage  of  light  micrographs  of  a  stromal  lesion  48  hours  after  an  exposure  of  26  W/cm2  for  0.4  s. 
The  essentially  acellular  lesion  extends  about  halfway  through  the  stroma.  The  lesion  is  bordered  by  normal 
keratocytes. 


intracytoplasmic  organelles.  The  electron  micrographs 
also  clearly  reveal  the  sharpness  of  the  demarcation  be¬ 
tween  the  damaged  and  undamaged  stroma. 

Figure  3  shows  the  profiles  of  the  border  of  the 
bowl-shaped  lesions  that  were  obtained  by  carefully 
measuring  enlarged  slit-lamp  photographs  like  the  one 
in  Fig.  1 .  The  curves  are  the  calculated  profiles  of  sur¬ 
faces  having  equal  peak  temperature  increases.  For  the 
9.7  W/cm:,  2.5  s  exposure,  the  lesion  border  closely 
corresponds  to  the  47°C  surface,  whereas  for  the  26 
W/cm:,  0.4  s  exposure,  the  border  is  close  to  the  52°C 
surface.' 

The  calculations  also  reveal  that  the  temperature 
history  is  nearly  the  same  at  any  position  on  a  given 
peak  temperature  isotherm.'  This  is  illustrated  in  Fig. 
4,  which  shows  the  temperature  histories  at  two  posi¬ 
tions  on  the  isotherm  corresponding  to  a  peak  tempera¬ 
ture  increase  of  45°C.  As  expected,  the  temperature  rise 
occurs  later  for  the  deeper  position,  but  the  shapes  of 
the  two  curves  are  nearly  identical. 


DISCUSSION 

The  experiments  show  that  the  border  of  the 
stromal  lesion  produced  by  CO:  laser  radiation  is 
sharply  delineated,  that  it  corresponds  to  a  surface  of 
equal  temperature  rise,  and  that  the  temperature  rise  de¬ 
pends  (but  not  strongly)  on  exposure  duration.  The  con¬ 
ditions  on  this  border  represent  the  threshold  for  kera- 
tocyte  damage,  which  is  at  a  slightly  higher  temperature 
for  short-duration  exposures  than  it  is  for  longer 


Thermal  damage  of  the  epithelial  and  endotheli¬ 
al  cellular  layers  has  been  correlated  with  their  achiev¬ 
ing  peak  temperature  increases  in  the  30  to  50”C 
range.'  ‘  Lpithelial  damage  resulting  from  exposure  to 
various  sequences  of  subthrcshold  pulses  also  is  cor¬ 
related  with  peak  temperature  increases  in  the  same 
range,  even  though  the  temperature/time  histories  were 
varied  widely  in  the  experiments.'  Such  experiments 
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Figure  3  —  Measured  position  of  the  border  of  the  bowl¬ 
shaped  lesion  compared  with  calculated  surfaces  of 
equal  peak  temperature  increases.  The  points  are  ob¬ 
tained  from  highly  magnified  slit-lamp  photographs 
taken  48  hours  after  the  exposure.  In  the  figure,  r  is  the 
radial  position  from  the  center  of  the  beam  and  z  is  the 
depth  beneath  the  anterior  surface,  (a)  The  exposure 
was  9.7  W/cm2  for  2.5  s.  and  the  1/e  radius  of  the  beam 
was  0.94  mm.  The  points  are  from  a  single  cornea,  (b) 
The  exposure  was  26  W/cm2  for  0.4  s,  and  the  1/e  radius 
of  the  beam  was  1.21  mm.  The  points  are  the  average 
values  from  two  corneas. 
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Figure  4  —  Temperature  histories  at  two  positions  on 
the  surface  having  a  45’C  temperature  rise  following  a 
9.7  W/cm2,  2.5  s  exposure.  The  solid  curve  is  on  the 
beam  axis  at  a  depth  of  243  (im.  The  dashed  curve  is  at  a 
point  695  /im  from  the  beam  axis.  50  |im  below  the 
surface 


tend  to  support  the  use  of  the  peak  temperature  increase 
to  correlate  threshold  damage;  however,  the  required 
temperature  increase  docs  appeal  to  depend  weakly  on 
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exposure  duration.  For  example,  Egbert  and  Maher'  re¬ 
ported  that  epithelial  damage  thresholds  were  associ¬ 
ated  with  peak  temperature  increases  (above  the  am¬ 
bient  value  of  about  35°C)  ranging  from  50°C  fora  100 
ms  exposure  to  39°C  for  a  100  s  exposure.  We  reported 
similar  results  for  endothelial  damage.4 '  For  exposure 
durations  between  I  and  5  s,  damage  occurred  when  the 
calculated  endothelial  temperature  rose  about  48°C 
above  ambient,  whereas  for  a  240  s  exposure  it  occurred 
at  only  32°C  above  ambient. 

The  temperature  values  on  the  damage  border  in 
the  stroma,  and  their  weak  dependence  on  exposure 
duration,  are  similar  to  those  required  to  damage  the 
epithelial  and  endothelial  cells.  This  suggests  that  all 
corneal  cells  have  essentially  the  same  thermal  damage 
mechanism. 
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MOTION  NOISE  REDUCTION  IN 
NEUROMAGNETIC  MEASUREMENT  SYSTEMS 


IE  W.  Ko,  J.  S.  Hansen,  ami  I).  A.  Bowser 


Sensor  systems  that  measure  minute  magnetic 
signals  f  rom  the  brain  are  susceptible  to  noise  contami¬ 
nation  from  sensor  motion.  Ibis  noise  has  been  reduced 
In  as  much  as  40  dti  in  noise  power  by  adaptive  filter 
signal  processing.  I  lie  processing  technique  also  shows 
promise  for  the  identification  of  other  noise  signals  that 
might  he  misconstrued  as  part  of  the  biological 
response. 


BACKGROUND 

Recent  neurological  invcsiigations  of  responses 
evoked  by  visual  and  auditory  stimulation  and  by  epi¬ 
lepsy  use  a  sensitive,  noninvasive  magnetic  sensor  called 
a  SQUID  (superconducting  quantum  interference  de¬ 
vice).  Ncuromagnctic  signals  are  generally  about  100  IT 
(1  IT  =  10  '•  gamma)  in  amplitude,  which  is  about  one  109 
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part  in  10'  of  the  earth's  statie  magnetic  field.  In  order 
to  cancel  the  relatively  uniform  time-varying  geomag¬ 
netic  field,  the  SQUID  is  used  in  a  configuration  called 
a  superconducting  second-derivative  gradiometer 
(SSDG).  This  sensor  is  housed  in  a  dewar  cryostat  and 
is  cooled  to  4  K  with  liquid  helium. 

Because  magnetic  fields  evoked  by  sensory  stim¬ 
ulation  of  the  human  brain  are  orders  of  magnitude 
smaller  than  typical  environmental  and  biological  noise 
at  low  frequencies,  some  technique  of  noise  reduction  is 
required  to  extract  the  biological  signals  from  the  mea¬ 
sured  data.  Previous  noise  cancellation  efforts  applied 
to  similar  data  usually  have  consisted  of  signal  averag¬ 
ing,  which  requires  large  amounts  of  data  to  achieve  ad¬ 
equate  noise  reduction.  Thai  technique  imposes  a  seri¬ 
ous  limitation  on  the  investigation  of  evoked  responses 
w  hen  the  concentration  of  a  human  subject  on  a  repeti¬ 
tious  stimulus  is  required.  Its  use  might  allow  a  hazard 
to  develop  in  the  case  of  medical  monitoring  by  wasting 
precious  time  determining  changes  in  vital  life 
functions. 

This  study  has  implemented  alternative  tech¬ 
niques  of  noise  cancellation  with  the  goal  of  reducing 
the  amount  of  data  required  to  characterize  the  evoked 
response. ' 


DISCUSSION 
Noise  Sources 

Several  kinds  of  noise  contribute  to  the  output  of 
the  neuromagnetic  SSDG.  One  is  the  inherent  noise  of 
the  SQUID  and  its  electronics.  The  noise  floor  for  the 
device  used  in  this  study  is  about  50  fT  •  Hz  and,  in 
general,  is  not  reducible.  Another  type  of  noise  is  that 
caused  by  motion  of  the  dewar  and  the  magnetometer  in 
the  ambient  magnetic  gradient.  Motions  of  the  build¬ 
ing,  support  structure,  and  dewar  are  easily  measurable 
by  linear  accelerometers. 

The  third  type  is  environmental  magnetic  noise 
caused  by  changes  in  the  ambient  magnetic  gradient 
(e.g.,  operating  motors,  moving  metallic  objects).  The 
largest  environmental  magnetic  noise,  normally  re¬ 
moved  by  a  notch  filter,  is  that  from  local  power  lines  at 
50  to  60  Hz.  In  general,  ambient  gradient  changes  are 
proportional  to  ambient  field  changes  and  can  be  moni¬ 
tored  by  a  triaxial  fluxgate  magnetometer.  When  they 
are  attached  to  the  dewar,  fluxgates  will  also  sense 
motion  noise  because  they  move  with  respect  to  the  am¬ 
bient  magnetic  vector.  The  fourth  type  is  biologic  noise. 
The  gradiometer  senses  magnetic  signals  that  originate 
with  the  subject  but  are  not  related  to  the  evoked 
signal. 


Experimental  Apparatus  and  Data  Acquisition 

To  support  studies  of  magnetic  background 
noise  characterization  and  cancellation,  data  were 
taken  by  APL  in  an  urban  environment  at  the  Human 
Neurophysiology  Laboratory  at  the  University  of  Cali¬ 
fornia,  Los  Angeles.-’  The  biomagnetic  sensor  was  an 
SSDG  with  a  noise  floor  of  about  50  IT  ■  Hz  .  For 
the  results  presented  in  the  next  section,  the  gradiometer 
dewar  was  mounted  by  a  triaxial  fluxgate  magnetome¬ 
ter  with  a  noise  floor  of  about  10'’  fT  -  Hz  to  moni¬ 
tor  environmental  magnetic  noise.  The  gradiometer 
dewar  also  supported  three  orthogonal  linear  acceler¬ 
ometers,  each  with  a  noise  floor  of  about  1  /xg  (about 
10  ’  m/s2).  The  accelerometers  measured  only  dewar 
motion  noise  (see  Fig.  1).  The  data  were  taken  in  time 
segments  of  2  or  8  s.  All  seven  sensors  were  bandpass 
filtered  at  I  to  35  Hz  with  a  60-Hz  notch  filter.  Data 


Figure  1  —  The  mounting  locations  of  the  motion  moni¬ 
toring  sensors  (triaxial  linear  accelerometers)  and  the 
ambient  magnetic  field  sensors  (triaxial  fluxgate  magne¬ 
tometers). 


were  taken  in  real  time  and  digitized  on  12-bit  analog- 
to-digital  converters  at  256  samples  per  second  by  a 
PDP  1 1/34  computer. 

The  multiple  sensors  capable  of  distinguishing 
different  noise  sources  and  the  short  duration  of  the  bi¬ 
ologically  induced  signal  are  amenable  to  adaptive  digi¬ 
tal  filtering  for  noise  cancellation.  The  adaptive  filter 
parameters,  and  hence  the  frequency  response  of  the 
filter,  are  allowed  to  change  or  adapt  in  time.  Thus,  if 
the  noise  is  nonstationary,  the  filter  also  will  vary,  in  an 
attempt  to  follow  the  changes  and  provide  maximum 
noise  reduction.  The  adaptation  process  itself  adds 
“misadjustment”  noise,  which  can  be  minimized  by 
an  appropriate  filter,  although  it  cannot  be 
eliminated. 

The  adpative  filter,  called  the  adaptive  noise 
canceller  (AN C),  uses  the  algorithm  developed  by 
Widrow  et  al.’  Two  parameters  are  chosen  by  the  user: 
the  length  of  the  filter  and  the  feedback  constant.  The 
filter  length  determines  the  number  of  samples  required 
to  specify  the  filter  response  and  is  also  equal  to  the 
number  of  filter  weights.  The  feedback  constant  deter¬ 
mines  the  gain  in  the  feedback  loop  that  governs  how 
quickly  the  filter  weights  are  allowed  to  adapt.  The 
choice  of  appropriate  values  for  the  two  free  parame¬ 
ters  is  based  primarily  on  experience  with  the  particular 
data  of  interest;  in  this  analysis  it  was  based  on  experi¬ 
ence  with  parametric  studies. 


RESULTS 

Although  the  mounting  and  laboratory  location 
of  the  gradiometer  were  chosen  so  as  to  reduce  motion 
and  magnetic  noise,  the  UCLA  instrument  was  still  sen¬ 
sitive  to  that  contamination.  Simultaneous  measure¬ 
ments  from  the  accelerometers  allowed  the  identifica¬ 
tion  and  reduction  of  motion  noise  from  the  gradiome¬ 
ter.  Similarly,  simultaneous  measurements  from  the 
fluxgate  magnetometers  allowed  the  identification  and 
reduction  of  magnetic  noise. 

F  igure  2a  shows  2  s  of  simultaneous  time-series 
data  from  the  gradiometer  and  the  two  associated  accel¬ 
erometers.  Only  noise  (no  biologic  response)  is  con¬ 
tained  in  these  data.  The  obvious  correlation  between 
the  v-accelerometer  and  the  gradiometer  time  series  sug¬ 
gests  a  large  amount  of  motion  noise  at  a  nominal  fre¬ 
quency  of  4  H /  in  the  gradiometer  data.  The  bottom 
time  series  of  the  figure  shows  the  result  of  adaptively 
filtering  the  gradiometer  data  using  the  x-  and  y-acceler- 
ometers  as  reference  sensors.  The  presence  (and  sub¬ 
sequent  removal)  of  motion-induced  magnetic  noise  in 
the  gradiometer  is  evident  both  in  the  time-series  data 
and  in  the  power  spectra  of  the  filtered  and  unfiltered 
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Figure  2  —  (a)  A  demonstration  in  the  time  domain  of 
the  effectiveness  of  the  adaptive  noise  canceller,  (b) 
Spectra  of  the  gradiometer  output  before  (solid  line)  and 
after  (dashed  line)  the  application  of  the  adaptive  noise 
canceller. 


gradiometer  data  (about  40  dB  reduction  in  noise 
power)  shown  in  Fig.  2b.  Misadjustment  noise,  which 
shows  up  as  increased  power  levels  in  the  power  spectra 
of  the  filtered  data,  is  relatively  minimal  in  this  case,  in¬ 
dicating  that  appropriate  values  for  the  feedback 
constant  and  filter  length  were  chosen. 

The  results  of  this  study  show  that  noise  can  be 
reduced  in  real  time  and  that  small  signals  can  be  ex¬ 
tracted  from  the  ambient  noise.  The  next  step  in  the 
analysis  is  to  apply  the  adaptive  filter  to  data  with  an 
evoked  response,  in  order  to  determine  if  noise  can  be 
reduced  to  such  an  extent  that  the  number  of  averages 
required  to  study  the  evoked  signal  is  reduced  dramatic¬ 
ally.  If  an  appropriate  biologic  noise  sensor  is  chosen,  it 
is  possible  that  one  might  obtain  the  evoked  signal  from 
a  single  response  to  a  stimulus. 
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SUTURELESS  VASCULAR  ANASTOMOSIS  SYSTEM 

J.  J.  Wo/niak 


The  objective  of  this  project  is  to  develop  a 
men  ns  of  rejoin  in g  severed  vessels  (end-to-end  anasto¬ 
mosis  )  without  using  sutures.  Two  essential  elements  in 
the  concept,  an  instrument  to  evert  the  vessel  and  a  bio- 
compatible  sleeve  that  contracts  to  bind  the  vessel  to¬ 
gether.  are  currently  under  development.  Personnel 
from  API.,  the  Johns  Hopkins  Medical  Institutions, 
and  the  University  of  Maryland,  representing  talents  in 
the  disciplines  of  engineering,  vascular  surgery,  and 
polymer  science,  are  working  on  the  project. 


BACKt,  ROUND 

Severed  blood  vessels  are  frequently  eneountered 
in  penetrating  wounds  inflicted  during  combat,  civil 
violence,  and  accidents.  When  this  type  of  injury  is  en¬ 
countered  near  centers  in  which  the  required  skills  and 
facilities  are  available,  the  blood  vessels  can  be  rejoined 
with  sutures  during  vascular  surgery.  Under  combat  or 
emergency  conditions,  the  prerequisite  skills,  facilities, 
and  time  may  not  be  available  to  prevent  loss  of  limb  or 
life. 

At  the  present  time,  vascular  anastomosis  is  ac¬ 
complished  using  a  curved  needle.  The  sutures  must  be 
placed  precisely,  piercing  the  adventitia  (fibrous  sheath) 
from  the  outside  and  the  intima  (elastic  tissue  layer) 
from  the  inside  in  a  number  of  locations  lor  proper 
vessel  approximation  (tissue  aligned  and  in  good  con¬ 


tact).  Either  individual  or  continuous-running  sutures 
arc  used. 

Typically,  for  an  artery  with  a  3  mm  lumen,  ap¬ 
proximately  20  stitches  are  taken  around  the  circumfer¬ 
ence  using  6-0  (0.1  mm  diameier)  thread.  Usually,  an 
end-to-end  anastomosis  on  a  vessel  of  this  size  cannot 
be  performed  in  less  than  20  minutes. 

The  greatest  success  is  achieved  when  the  anas¬ 
tomosis  is  performed  in  eases  where  a  good  collateral 
blood  supply  is  available  or  where  loss  of  blood  for 
moderate  periods  of  time  can  be  tolerated.  If  the  intima 
is  not  approximated  properly,  vascular  occlusion  may 
occur,  with  disastrous  results. 

The  application  of  sutures  on  intracranial  vessels 
presents  additional  difficulties.  Differences  in  the  struc¬ 
ture  of  cerebral  arteries  compared  to  that  of  extra- 
cerebral  vessels  w  ith  less  adventitia  and  reduced  media, 
the  presence  of  many  perforating  branches  that  pre¬ 
clude  rotation,  and  the  limited  time  of  vessel  occlusion 
hamper  the  application  of  sutures  to  these  vessels. 

The  sutureless  concept  attempts  to  avoid  some  of 
these  problems  while  providing  the  benefits  of  a  high 
patency  rate,  the  virtual  absence  of  post-operative 
bleeding,  and  a  faster  procedure.  Additionally,  the  skill 
required  for  this  technique  should  be  less  than  that  re¬ 
quired  for  suturing.  Therefore,  the  work  can  be  done  at 
locations  other  than  centers  that  specialize  in  vascular 
surgery. 


DISCUSSION 

Figure  1  stums  the  steps  involved  in  the  suture¬ 
less  anastomosis  technique.  Figure  la  shows  the  severed 
vessel,  which  characteristically  constricts  and  retracts 
because  of  the  smooth  muscular  structure  (media)  w  ith¬ 
in  the  vessel  wall.  Temporary  clips  are  applied  to  the 
transeetional  vessel,  and  the  lumen  is  irrigated  with  hep¬ 
arinized  saline.  The  vessel  diameter  is  sized,  and  fer¬ 
rules  are  selected  that  approximately  match  the  outside 
diameter  of  the  vessel. 

The  ends  of  the  vessel  (Fig.  !b)  are  then  everted 
over  the  ferrules.  This  process  opens  the  vessel  fully  for 
flow  and  ensures  continuous  intima  contact,  which  is 
vital  for  preventing  thrombosis  when  the  anastomosis  is 
completed. 

In  the  next  step,  the  outer  sleeve,  fabricated 
from  a  heat-shrinkable  biocompatible  thermoplastic,  is 
placed  on  one  section  of  the  vessel.  The  two  sections  of 
the  vessel  are  brought  together,  and  the  sleeve  is  cen- 
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Figure  1  —  Sutureless  vascular  anastomosis. 


tered  over  the  junction  (Fig.  le).  The  sleeve  is  heated 
with  an  instrument  that  provides  a  controlled  warm  air- 
stream  or  jet  of  warm  saline.  Heat  causes  the  sleeve  to 
contract  and  assume  the  local  contour  of  the  everted 
vessel  (Fig.  Id).  The  sleeve  also  contracts  5  to  lS^o  n 
length,  ensuring  good  contact  of  the  vascular  intima. 

In  the  completion  sequence,  the  proximal  clip  is 
removed  (Fig.  Id),  and  a  hypodermic  needle  is  inserted 
into  the  vessel  lumen  to  relieve  entrapped  air.  When  a 
steady  flow  of  blood  through  the  hypodermic  needle  is 
achieved,  the  needle  and  distal  clip  are  removed. 

Vascular  Everting  Instrument 

The  proposed  anastomosis  procedure  requires  an 
efficient  way  to  evert  the  ends  of  the  severed  vessel  over 
the  ferrule.  For  this  purpose,  an  everting  instrument  has 
been  designed,  fabricated,  and  tested. 

The  everting  instrument  must  cause  minimal 
damage  and  displacement  of  endothelial  cells  lining  the 
lumen  and  must  be  flexibile  so  that  it  can  evert  vessels 
of  different  sizes.  Three  devices  were  developed  for 
bench  studies.  The  most  successful  of  the  three  uses  an 
iris-diaphragm  mechanism  to  expand  the  leading  edge 
of  the  lumen  and  a  balloon,  inflated  within  the  lumen, 
to  accomplish  the  everting  action.  With  this  apparatus, 
excised  pig  carotid  arteres  were  successfully  everted 
over  thin-wall  cylindrical  ferrules.  On  the  ba>is  of  this 
success,  a  prototype  clinical  configuration  of  the  everter 
(Fig.  2)  has  been  designed,  built,  and  successfully  tested 
in  vitro. 


Heat-Shrinkable  Sleeve  Development 

The  second  essential  element  in  the  sutureless 
vascular  anastomosis  concept  is  the  sleeve  that  con¬ 
tracts  to  bind  the  everted  vascular  sections  together. 
Work  began  in  this  area  with  a  literature  study  centered 
on  identifying  semicrystalline  polymers  that  could 
undergo  crosslinking  (especially  by  ionizing  radiation) 
and  thereby  attain  elastic  memory  properties.  Other  re¬ 
quirements  include  biocompatibility,  low-melting  tem¬ 
perature,  and  reasonable  crystallinity. 

Polyethylene  oxide  (PEO)  was  the  first  polymer 
selected  for  fabrication  trials  on  the  basis  of  prelimin¬ 
ary  radiation-chemistry  experiments  and  the  knowledge 
that  the  material  is  highly  biocompatible.  PEO  was 
successfully  processed  into  a  low-temperature,  heat- 
shrinkable  sleeve,  but  the  sleeve  swelled  in  water  and 
therefore  was  unsuitable  for  the  application.  Coating 
the  PEO  sleeve  with  elastomeric  materials  and  grafting 
a  monomer  to  the  surface  of  the  PEO  were  the  two  ap¬ 
proaches  taken  in  attempting  to  waterproof  the  sleeve. 


Figure  2  —  The  prototype  clinical  vascular  everting  instrument. 


Four  different  eoating/graft  attempts  were  made,  but 
none  pros  ided  the  required  degree  of  protection. 

Recent  efforts  to  develop  the  sleeve  have  cen¬ 
tered  on  another  polymer,  synthetic  trans-1, 4-polyiso- 
prene.  A  reinforced  form  of  this  material  has  found  use 
as  a  low-temperature  (130°F),  moldablc,  orthopedic 
material. 

An  in  vitro  trial  using  a  sleeve  fabricated  from 
trans-1 ,4-polyisoprene  to  anastomose  a  freshly  excised 
pig  carotid  artery  proved  highly  successful.  Figure  3 
shows  the  ferrules,  sleeve,  and  anastomosed  artery.  Vis¬ 
ually,  the  lumen  remained  patent  throughout  the  artery, 
and  the  anastomosis  remained  intact  when  tension  was 
applied.  Unlike  PEO,  trans-1 ,4-polyisoprene  is  unaf¬ 
fected  by  water. 


Figure  3  —  Sutureless  anastomosis  applied  to  a  pig 
carotid  artery. 


FUTURE  PLANS 

During  the  next  year,  the  remaining  components 
(biocompatible  ferrules  and  sleeve-heating  apparatus) 
needed  for  in  vivo  trials  of  the  anastomosis  concept  will 
be  developed.  In  a  concurrent  effort,  a  primary  acute 
toxicity  screening  test  will  be  performed  on  synthetic 
trans-1, 4-polyisoprene  to  assess  its  biocompatibility.  If 
it  proves  to  be  biocompatible,  in  vivo  animal  experi¬ 
mentation  of  the  sutureless  anastomosis  concept  w  ill  be 
initiated. 
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A  SYSTEM  TO  INHIBIT  SELF-INJURIOUS  BEHAVIOR 

A.  I..  Newman 


APL  has  designed  and  developed  a  system  to 
inhibit  seif-injurious  behavior  (such  as  head  banging) 
in  severely  retarded  and  autistic  patients.  Most  of  the 
functions  of  the  device  are  controlled  by  an  integrated 
circuit  designed  at  APL.  A  working  prototype  of  the 
chip  has  been  fabricated  and  tested. 


BACKGROUND 

Self-injurious  behavior  (SIB)  is  a  hidden  prob¬ 
lem.  Most  people  have  never  heard  of  it,  and  yet  as 
many  as  150,000  mentally  handicapped  patients  com¬ 
pulsively  beat  and  abuse  themselves.  Starting  in  the 
crib,  a  child  may  eventually  beat  himself  so  severely  as 
to  threaten  blindness,  brain  hemorrhage,  and  death. 
SIB  is  a  horrifying,  life-threatening  problem  of  psycho¬ 
pathology  with  no  known  cure.  To  address  the  prob¬ 
lem,  APL  is  working  under  the  sponsorship  of  the 
American  Foundation  for  Autistic  Children  to  develop 
a  system  to  inhibit  SIB. 

There  is  a  great  need  for  successful,  less  expen¬ 
sive  SIB  therapy.  Current  SIB  patient  care  is  very  ex¬ 
pensive,  labor  intensive,  and  time  consuming.  It  is  also 
emotionally  demanding.  Physical  restraints  for  immo¬ 
bilizing  hands,  arms,  or  legs  and  protective  shielding 
and  padding  are  often  used:  this  protects  the  patient  but 
neither  eliminates  the  behavior  nor  permits  rudimentary 
education  and  soda!  interaction. 

Behavioral  conditioning  is  a  form  of  therapy 
that  has  been  used  with  some  success  in  the  treatment  of 
SIB.  In  this  paradigm,  an  aversive  stimulus  is  delivered 
to  the  patient  in  close  temporal  association  with  the  un¬ 
desired  SIB.  The  patient  responds  by  decreasing  the  fre¬ 
quency  of  the  undesired  behavior.  Ideally,  the  inhibit¬ 
ing  stimulus  should  be  delivered  automatically  and 
consistently. 

The  initial  application  of  behavioral  condition¬ 
ing  as  SIB  therapy  used  a  therapist  to  close  the  loop  in  a 
simple  biofeedback  system  by  administering  a  stimulus 
at  the  onset  of  SIB.  Aversive  stimuli  tested  for  their 
ability  to  decrease  SIB  included  loud  noises,  hair  pull¬ 
ing,  slapping,  noxious  odors,  and  aromatic  ammonia, 
but  none  has  been  as  effective  as  electric  shock,  l.ovaas 
and  Simmons  concluded:  “First,  the  use  of  shock,  given 
contingent  upon  self-destructive  behavior,  brings  about 
an  immediate  cessation  of  that  behavior.  Second,  the 
effect  of  shock  appears  specific  to  the  situations  in 
which  is  is  administered.''1  Investigators  have  found 


an  almost  immediate  or,  at  least,  quick  cessation  of  SIB 
when  the  child  was  shocked  with  a  hand-held  "shock 
stick"  by  his  therapist  or  attendant.  The  shock  used  as 
an  aversive  stimulus  for  SIB  is  described  by  J.  Carr  as 
an  “electric  shock  of  sufficient  strength  to  give  an  un¬ 
pleasant,  though  very  brief,  sensation,  but  not  to  cause 
injury. However,  the  behavior  returned  when  the 
attendant  who  had  delivered  the  stimulus  or  the  child 
left  the  therapy  room.  Suppression  of  SIB  was  only 
effective  in  that  room,  not  elsewhere. 

It  is  thus  clear  from  the  literature  that  therapist- 
administered  shock  is  not  the  optimal  therapy.  The 
shock  becomes  psychologically  paired  with  the  therapist 
and  the  environment,  and  there  are  variable  delays  be¬ 
tween  head  banging  and  shock.  In  such  a  situation,  the 
inhibiting  stimulus  cannot  reliably  be  delivered  auto¬ 
matically  and  consistently. 

A  further  advance  in  behavioral  conditioning  of 
SIB  was  made  when  the  American  Foundation  for  Au¬ 
tistic  Children  (AFAC)  developed  a  device  that  sensed 
“abnormal”  accelerations  of  the  head  and  delivered  a 
shock  to  the  arm.  Such  a  device  obviates  the  need  for 
the  therapist  to  observe  the  SIB  and  eliminates  human 
delay  in  delivery  of  the  aversive  stimulus.  It  ensures  that 
the  stimulus  will  be  paired  automatically  with  a  specific 
behavior  (head  banging)  and  also  will  be  delivered 
consistently. 

The  AFAC  device  consists  of  a  helmet  on  the 
head  connected  by  wires  to  an  arm  electrode.  The  hel¬ 
met  contains  an  accelerometer  and  also  protects  the 
head.  The  accelerometer  switches  a  power  circuit  on  the 
patient’s  back  that  is  connected  by  wires  to  the  elec¬ 
trode  assembly  on  the  arm.  Several  of  these  devices 
were  built  and  have  been  found  to  inhibit  SIB  success¬ 
fully.  In  fact,  patients  feel  so  safe  and  secure  with  the 
device  that  they  struggle  to  keep  it  on  when  one  tries  to 
remove  it.  With  these  successes,  AFAC  came  to  APL 
with  the  idea  of  further  developing,  through  the  appli¬ 
cation  of  state-of-the-art  technology,  a  Self-Injurious 
Behavior  Inhibiting  System  (S1BIS). 


DISCUSSION 

The  basic  configuration  of  SI  BIS  is  show)  in 
Fig.  1.  When  the  sensor  module,  contained  in  a  head¬ 
band,  detects  abnormal  accelerations  (2  g  or  more)  re¬ 
sulting  from  head  banging,  it  transmits  a  digitally 
coded  signal  to  the  stimulus  module  on  the  arm.  On  re- 
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Figure  I  —  Configuration  ol  the  SI  BIS  device  as  worn  bv 
an  individual. 


ceiving  this  signal,  ihe  stimulus  module  checks  the  sig¬ 
nal  code  with  a  stored  identification  code  and  delivers  a 
shock  and  sounds  a  buzzer  if  the  codes  match.  The  sen¬ 
sor  module  electronically  counts  each  transmission,  and 
the  stimulus  module  counts  each  shock.  An  equal  num¬ 
ber  of  counts  in  each  module,  as  shown  on  the  display 
unit,  verifies  proper  system  function. 

The  design  goals  for  SI  BIS  were  as  follows: 

•  Miniaturize  the  device 

•  Develop  a  wireless  communications  link 

•  Prov  ide  for  data  recording  and  display 

•  Keep  the  device  inexpensive 

We  have  accomplished  these  goals  through  ex¬ 
tensive  use  of  microelectronics  and  now  have  a  working 
unit  that  proves  our  design.  At  the  heart  of  SI  BIS  is  a 
custom-made,  large-scale  integrated  circuit  called  a  gate 
array;  that  contains  the  bulk  of  the  communications 
and  control  circuitry  (see  Fig.  2).  Instead  of  designing 
two  integrated  circuits,  one  for  the  sensor  module  and 
one  for  the  stimulus  module,  we  designed  one  with  all 
the  circuitry  for  both  sensor  and  stimulus  functions. 
The  chip’s  identity  is  one-bit  programmable;  i.e. ,  the 
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Figure  2  —  Simplified  diauram  ol  the  SI  BIS  irate  arrav 


logic  state  of  input  SEN/STIM  determines  whether  the 
chip  has  a  sensor  function  or  a  stimulus  function  (Fig. 
2).  This  approach  not  only  minimizes  development 
costs,  but  also  simplifies  the  whole  manufacturing 
process. 

Hybrids  are  microminiature,  multilayer  printed 
circuit  boards.  Two  were  designed,  one  for  the  sensor 
module  and  one  for  the  stimulus  module.  They  contain 
the  gate  array  as  ss ell  as  the  discrete  components  (re¬ 
sistors,  capacitors,  etc.)  and  circuitry  for  supporting  it 
and  defining  its  function. 

The  gate  array  has  circuitry  for  a  low-power, 
crystal-controlled  clock  (12.8  kHz  oscillator)  and  an  as¬ 
sociated  div ide-by-40%  counter  for  producing  the  dif¬ 
ferent  clock  frequencies  that  are  required  b>  various 
parts  of  the  circuit. 

In  the  sensor  mode,  a  digital  one-shot  is  clocked 
bv  an  accelerometer  switch  (input  signal  ACCEL.  Fig. 
2).  This  enables  the  alternating  magnetic  field  drive  cir¬ 
cuitry  on  the  chip  that,  concurrently,  is  digitally  coded 
by  the  modulating  input  signal  SDO.  The  different 
parts  of  the  original  AFAC  device  are  connected  by 
wires,  an  approach  that  is  unwieldy  and  unreliable.  In 
SI  BIS,  the  coded  alternating  magnetic  field  serv  es  as  the 
communication  link,  and  connecting  wires  are  avoided. 
The  code,  different  for  each  patient,  prevents  a  patient 
from  receiving  inappropriate  shocks  because  of  another 
patient’s  SIB.  It  also  keeps  SIBIS  immune  to  electro¬ 
magnetic  interference,  both  natural  and  man-made.  A 
digital  comparator  on  the  chip  is  used  in  the  stimulus 
mode  for  comparing  the  received  coded  signal  on  the 
data  bus  with  that  stored  on  the  identification  bus  (Fig. 
2).  When  there  is  a  match,  a  clocked  one-shot  enables 
the  output  stimulus  drive  to  start,  via  signal  FGD4,  the 
shock-producing  circuitry  contained  elsewhere  in  the 
module. 

In  a  series  of  experiments,  we  found  that  the  sub¬ 
jective  intensity  of  pain  from  shock  is  a  function  of 
shock  duration.  We  allowed  a  choice  of  only  two  shock 
durations:  100  and  200  ms.  Each  shock  was  accom¬ 
panied  by  a  buzzer  sound.  The  buzzer  can  be  pro¬ 
grammed  by  means  of  the  signal  BUZZ/STIM  to  occur 


without  a  shock.  A  goal  of  SIBIS  is  to  develop  a  psy¬ 
chological  pairing  of  the  shock  with  the  tone  so  that  the 
tone  itself  becomes  aversive.  1  he  circuitry  providing  the 
limited  choice  (100  ms,  200  ms,  or  no  shock)  is 
“locked"  on  the  silicon  of  the  gate  array  in  order  to 
prevent  abuse  of  SIBIS.  Shock  duration  is  programmed 
through  the  input  DUR.  The  device  cannot  produce  a 
more  painful  shock  than  the  one  lasting  200  ms. 

An  event  counter  register  in  the  gate  array  re¬ 
cords  the  number  of  SIB  events  that  have  occurred. 
Data  from  this  register  are  read  out  on  a  display  unit, 
and  it  is  then  reset  to  zero  (Fig.  1).  This  data  logging 
provision  will  be  important  for  the  clinical  evaluation 
of  SIBIS  as  well  as  for  the  ongoing  monitoring  of  a  pa¬ 
tient’s  progress. 

We  expect  to  have  a  working  prototype  of  SIBIS 
by  the  fail  of  1984.  The  packaging  of  each  module  has 
been  kept  simple  because  the  electronic  complexity  of 
SIBIS  has  been  limited  to  the  gate  array  and  the  two  hy¬ 
brids  in  w  hich  it  is  placed.  The  manufacturer  of  SIBIS 
simply  orders  the  hybrids  as  part  numbers  from  the  hy¬ 
brid  manufacturer.  The  final  electronics  assembly  and 
packaging  is  simple  and  inexpensive,  for  yielding  a  mar¬ 
ketable  device  that  we  hope  will  help  thousands  of 
patients. 
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INTRODUCTION 


Included  in  APL's  tasks  are  specialized  investigations  in  which  advanced 
scientific  and  engineering  technologies  are  applied  to  designated  civilian  and 
defense-related  needs.  This  section  includes  selected  articles  in  those  categories. 

During  the  past  six  years,  the  Laboratory  conducted  programs  for  both 
the  State  of  Maryland  and  the  Federal  Government  associated  with  the  genera¬ 
tion,  storage,  environmental  impact,  and  efficient  use  of  energy.  The  work  has 
been  extended  this  year  to  include  an  assessment  of  the  potential  use  of  geother¬ 
mal  energy  at  Naval  facilities  on  the  East  Coast.  Other  special  engineering  inves¬ 
tigations  conducted  for  the  Navy  include  the  design,  fabrication,  and  successful 
use  of  a  compact  data  recording  system  for  special  field  operations. 

The  APL.  Transportation  Program,  active  in  urban  transit  technology  since 
1969,  has  developed  and  evaluated  concepts  for  the  rapid  transit  of  the  public 
in  vehicles  on  automated  guideways.  A  computer  simulation  has  been  developed 
and  used  this  year  to  investigate  the  performance,  control,  and  network  manage¬ 
ment  of  such  systems. 


The  development  of  prototype  electronic  systems  at  the  Laboratory  for  strin¬ 
gent  applications  requires  the  use  of  highly  reliable,  miniaturized  circuit  assem¬ 
blies  and  associated  packaging.  This  necessitated  in-house  qualification  of  the 
pertinent  assemblies.  Related  articles  include  epoxy  characterization  and  qualifi¬ 
cation  and  the  shear  testing  of  ball  bonds.  Also,  in-house  computer-aided  design 
tools  have  been  developed  for  the  design  of  custom  very-large-scale  integrated 


GEOTHERMAL  ENERGY  ASSESSMENT 
AT  EAST  COAST  NAVAL  FACILITIES 


R.  V\ .  Newman 


Atlantic  coast  Sava! .facility  sites  liace  been  eval¬ 
uated  to  determine  their  potential  to  benefit  from  the 
installation  and  use  of  geothermal  wells  in  order  to  re¬ 
duce  energy  costs  for  hot  water  and  steam  heating.  Of 
the  I  JO  sites  reviewed,  six  were  selected  for  detailed  in¬ 
vest  teat  ton  and  two  ( the  Jacksonville  and  Xorfolk 
Xaval  Air  Rework  f  acilities)  have  been  recommended 
to  the  Xavy  as  promising  candidates. 


KA(  KCROl  M) 

r  he  Arab  oil  embargo  of  1973  underscored  (he 
nation's  vulnerability  to  a  sudden  interruption  of  its  oil 
supply  and  indicated  the  need  for  ensuring  that  such  in¬ 
terruptions  do  not  jeopardize  the  integrity  of  our  mili¬ 
tary  capability  .  C  onsequently,  the  Navy  began  a  pro¬ 
gram  to  assess  the  feasibility  of  replacing  some  of  the 
petroleum  used  at  its  bases  throughout  the  world  with 
geothermal  energy  . 

Because  of  our  past  experience  in  geothermal  en¬ 
ergy'  and  our  large  data  base  associated  with  geo¬ 
thermal  activity  ,  the  Navy  has  asked  API.  to  review  the 
Naval  and  Marine  facilities  along  the  Atlantic'  coastal 
plain  as  possible  sites  for  the  use  of  geothermal  energy  . 
A  survey  of  the  facilities  showed  that  the  most  promis¬ 
ing  facilities  are  in  Norfolk.  Va.,  south-central  Florida, 
and  Charleston,  S.CV  1 .  The  following  facilities  were 
visited  in  those  regions: 

1.  Norfolk  Naval  Air  Rework  Facility  (NARF); 

2.  Jacksonville  NARF.  Cecil  Field  Naval  Air 
Station,  and  Orlando  T raining  Center; 

3.  Charleston  Naval  Shipyard  and  Charleston 
Polaris  Missile  Facility  Atlantic. 

The  Norfolk  and  Jacksonville  NARF’s  appear 
to  be  the  best  suited  for  geothermal  energy  use.  Conse¬ 
quently.  economic  analyses  have  been  performed  on 
proposed  geothermal  systems  at  those  two  facilities. 


DISCISSION 

Proposed  (.cothermal  System  at  Norfolk  NARK 

I  he  Norfolk  NARF  is  located  in  a  region  ol 
above-average  temperature  gradient.  An  extrapolation 
ol  the  gradient  results  in  a  temperature  of  107'’!  at  the 


top  of  the  solid  rock  basement  at  2700  ft.  Currently, 
Norfolk’s  primary  energy  source  is  steam  supplied  by 
four  power  stations.  Most  of  the  steam  is  supplied  by 
power  station  1,  which  uses  No.  6  fuel  oil  at  a  cost  of 
S6.36  per  I  O'1  Btu.  As  a  result  of  our  study,  a  geo¬ 
thermal  system  has  been  proposed  that  uses  I07°F  geo¬ 
thermal  well  water  to  preheat  make-up  water  for  the 
power  plant  (Fig.  I ). 

An  electrical  pump  brings  geothermal  well  water 
up  from  a  drawdown  depth  of  400  ft:  the  water  goes 
through  a  water-to-water  heat  exchanger  and  transfers 
its  heat  to  the  incoming  feed  water.  A  5°F  temperature 
difference  across  the  exchanger  surface  is  a  reasonable 
trade-off  between  heat  exchanger  costs  and  the  amount 
of  energy  extracted  from  the  geothermal  water.'  The 
spent  geothermal  water  is  reinjected  at  2(XX>  ft,  which  is 
just  below  the  potable  water  table.  With  this  system, 
geothermal  energy  could  provide  3.4" u  of  Norfolk's 
yearly  energy  needs  (equivalent  to  $918,000  worth  of 
fuel  oil  per  year).  However,  an  average  geothermal 
water  flow  rate  of  690  gal  min  would  be  required.  It  is 
unlikclv  that  this  flow  rate  could  be  supplied  by  a  single 
well,  but  five  wells  producing  at  a  reasonable  How  rate 
of  1 50  gal  -  min  could  supply  the  necessary  energy . 

As  an  initial  step  in  the  development  of  geo¬ 
thermal  energy  at  east  coast  Naval  facilities,  a  single 
well  system  has  been  proposed  that  would  provide  geo¬ 
thermal  water  at  an  average  flow  rate  of  150  gal  min. 
Because  of  the  relatively  high  inlet  temperature  of  the 
make-up  water  in  the  summer,  over  90" i.  ol  the  geo¬ 
thermal  energy  is  provided  during  the  colder  months 
from  October  through  May.  Consequently,  the  limited 
water  supply  is  better  utilized  in  the  winter  months. 
With  a  weighted  flow,  that  single  well  could  replace 
$229. (XH)  worth  of  fuel  oil  per  year. 

Feedwater 


400  ft  drawdown  (15  of  ?700  ft! 


Figure  1  —  Geothermal  system  to  preheat  feedwater  at 
Norfolk  NARF 


A  net-present-value  economic  analysis  has  been 
made  of  the  income  from  this  well,  using  the  conditions 
presented  in  Table  I  and  assuming  that  fuel  costs  and 
operating  expenses  increase  at  the  inflation  rate.  The  re¬ 
sulting  net  present  value  is  $2,600,000,  which  means 
that  the  net  income,  over  the  20-year  life  of  the  well,  is 
equivalent  to  having  S2, 600, 000  today.  In  other  words, 
one  would  be  w  illing  to  spend  up  to  $2,600,000  today  to 
obtain  the  energy  savings  of  a  geothermal  well  over  the 
next  20  sears. 


Table  1  —  Estimated  geothermal  system  character¬ 
istics  for  Norfolk  NARF. 


W  atcr  How  rale  teal  mini 

150 

Drawdown  depth  (111 

400  (15" »  ol  ell  depth) 

W  ater  temperature  <  f  ) 

10- 

(  om  ol  money  < " ■> > 

10 

Inflation  rate ("«) 

> 

Cost  ot  fuel  ( million  Bui) 

56.16 

C  om  ol  electricity  (million  Biu) 

511. SO 

Xnnual  operating  and  main- 

tcnancc  comn 

520,000 

(.eulhermal  System  C  osts 

Estimates  have  been  made  of  the  capital  costs  of 
a  geothermal  system.  They  have  been  divided  info  four 
categories: 

1.  Production  well  depth  independent  drilling 
costs, 

2.  Production  well  depth-dependent  drilling 
costs, 

.1.  Reinjection  well  costs, 

4  Heal  exchanger  and  associated  piping  costs. 

I  hesc  costs  are  summarized  in  I  able  2  lor  wells  with 
production  rales  ranging  from  100  to  200  gal  nun.  Well 
costs  are  based  on  drilling  costs  lor  geothermal  test 
holes  drilled  on  the  east  coast.  Heat  exchanger  and  pip¬ 


ing  costs  are  based  on  estimated  current  costs.  At  150 
gal/min,  the  system  cost  is  $929,000  and  the  net  present 
value  is  $2,600,000.  In  Fig.  2,  values  of  system  cost  and 
corresponding  net  present  value  have  been  plotted  as 
functions  of  average  well  flow  rate  and  water  tempera¬ 
ture.  They  show  that  even  at  flow  rates  as  low  as  60 
gal/min,  a  geothermal  system  is  still  economical.  In  ad¬ 
dition.  geothermal  water  temperatures  as  low  as  80°F 
may  still  be  practical  if  flow  rates  greater  than  110 
gal/min  can  be  attained.  The  results  indicate  that  a  geo¬ 
thermal  system  at  Norfolk  is  very  promising  and  should 
be  investigated  further. 

Proposed  (ieothermal  System  at  Jacksonville 
NARF 

A  similar  analysis  was  performed  on  a  proposed 
geothermal  system  at  the  Jacksonville  NARF.  The 
major  differences  between  the  two  sites  are: 
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Figure  2  —  System  cost  and  net  present  value  as  func¬ 
tions  of  the  average  weighted  well  flow  rate  at  Norfolk 
NARF 


Table  2  —  Geri.  -fmal  systems  costs  and  net  present 
value 
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compared  with  2700  f c )  and  has  hotter  water 
( I24°F  compared  with  1()7°F). 

2.  Jacksonville  uses  gas  to  fire  its  boilers  and 
currently  gas  is  cheaper  than  oil  ($3.11  per 
10"  Btu  compared  with  $6.36  per  10"  Btu). 

The  analytical  results  (Fig.  3)  show  that  at  a  How  rate  of 
150  gal/min,  the  geothermal  system  cost  is  $1,200,000 
and  its  future  energy  savings  have  a  net  present  value  of 
only  $817,000.  Flow  rates  over  200  gal/min  are  needed 
to  make  the  system  economically  viable.  Consequently, 
a  geothermal  system  at  the  Jacksonville  NARF  is  not  as 
economically  attractive  as  one  at  Norfolk. 

We  conclude  front  our  analyses  that  geothermal 
systems  at  both  Jacksonville  and  Norfolk  are  economic¬ 
ally  viable.  The  Navy  is  using  these  results  to  determine 
how  best  to  develop  geothermal  energy  at  their  east 
coast  facilities. 
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TAPK-X  DATA  RECORDING  SYSTKM 


K.  A.  Quinnell,  K.  I  .  Nelson,  and  C  .  A.  I  wigg 


Tape-.X  is  a  digital  data  recording  system  based 
on  a  consumer-grade  video  cassette  recorder.  It  was  de¬ 
vised  for  an  application  where  conventional  data  re¬ 
corders  had  repeatedly  proven  unahle  to  meet  the  sys¬ 
tem  constraints.  Taking  advantage  oj  the  high  band¬ 
width  and  long  recording  times  on  a  video  cassette  re¬ 
corder,  Iape-.X  met  system  requirements  in  a  compact, 
easy-to-use  unit.  It  was  used  successfully  to  acquire  the 
first  .field  data  ever  collected  in  its  intended 
application. 

BACKGROUND 

Post  mission  processing  of  data  collected  on 
Navy  electronic  systems  in  their  operational  environ¬ 
ment  provides  valuable  insights  into  the  performance  of 
those  systems.  As  part  of  its  continuing  evaluation  of 
system  performance  for  the  Navy,  API  required  data 
from  an  uninstrumented  signal  processing  system. 
Attempts  to  collect  the  data  using  conventional  data 
recorders  were  unsuccessful  owing  to  the  bulk  and  deli¬ 
cacy  of  such  units  and  the  difficulties  in  their  use  by  un¬ 
trained  operators. 

In  response  to  the  need  for  the  data,  API.  de¬ 
vised  the  Iape-.X  system.  In  order  to  take  advantage  of 
the  spare  video  cassette  recorders  (VCR's)  in  the  sys¬ 
tem,  Tape-X  was  designed  to  interface  with  an  unmodi¬ 
fied,  consumer-grade  VCR.  The  high  bandwidth,  long 
recording  lime,  and  ease  of  operation  of  the  units  made 
them  well  suited  to  satisfy  the  system  constraints. 

DISCISSION 

The  performance  of  complex  systems  can  be 
studied  with  the  aid  of  an  accurate  estimate  of  their  ex¬ 
pected  behavior.  To  provide  this  estimate,  the  system 
inputs  must  be  known  or  modeled.  Recording  the  actual 
system  inputs  in  field  operations  provides  the  basis  for 


the  best  estimates.  Tape-.X  was  devised  to  record  the  in¬ 
puts  to  a  large  signal  processing  system. 

Data  collection  consists  of  data  recording  and 
data  recovery.  The  data-recording  portion  of  the  Tape- 
.X  system  is  diagrammed  in  Fig.  I.  Selected  data  from 
the  input  data  stream  are  held  in  a  first-in/first-out 
(FIFO)  buffer  and  then  are  converted  to  a  serial  bit 
stream  that  is  combined  with  a  video  sync  waveform. 
The  resultant  waveform  is  similar  to  a  standard  com¬ 
posite  video  signal,  although  if  displayed  on  a  television 
monitor  it  would  appear  as  snow.  The  waveform  is  re¬ 
corded  on  an  unmodified,  commercial-grade  VCR. 

The  format  of  the  data  recording  is  shown  in 
Fig.  2.  During  the  portion  of  the  composite  video  signal 
that  corresponds  to  the  visible  image  on  a  monitor,  data 
are  encoded  as  w  hite  and  black  streaks  in  each  scan  line. 
The  format  consists  of  two  blocks  of  50  bits,  each  block 
being  divided  into  five  words.  The  first  word  of  each 
block  is  a  valid  data  indicator  and  synchronizing  word 
that  designates  whether  or  not  the  remaining  four 
words  in  the  block  are  meaningful.  A  total  of  80  bits  of 
input  data  can  be  recorded  on  each  scan  line. 

The  av  erage  data  rate  available  using  this  format 
is  1.2  million  bits  per  second.  The  instantaneous  data 
rate  varies  because  data  are  not  added  to  the  composite 
video  during  the  vertical  retrace  interval.  In  addition, 
data  are  not  added  during  the  scan  lines  just  prior  to  the 
beginning  of  the  vertical  retrace  interval.  The  gap  is  left 
in  order  to  avoid  the  data  distortion  caused  by  the 
VCR,  which  switches  its  recording  heads  for  alternate 
television  fields.  The  FIFO  buffers  hold  the  incoming 
data  during  those  intervals. 

Recording  the  data  is  only  half  the  job.  The 
data-recovery  portion  of  the  Tape-X  system  is  dia¬ 
grammed  in  Fig.  3.  The  recorded  data  are  detected  and 
synchronized  to  a  high-speed  clock.  Transitions  in  the 
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Figure  1  —  The  Tape-X  recording  system 
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Figure  2  —  The  format  used  for  Tape-X  data  recording. 
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Figure  3  —  The  format  used  for  T ape-X  data  recovery. 


data  are  used  to  synchronize  a  data  rcsampler,  and  the 
resampled  data  are  shifted  into  a  parallel  output  regis¬ 
ter.  A  word  clock  counter  provides  a  signal  whenever  a 
full  data  word  is  available. 

The  data-recovery  portion  of  the  system  is  the 
most  critical.  The  choice  of  data  format  is  critical  to  its 
success.  Bandwidth  limitations  of  the  VCR  require  that 
simple  binary  coding  of  the  data  be  used  in  the  record¬ 
ing.  The  resampling  clock  depends  on  data  transitions 
to  determine  the  beginning  of  a  data  bit  interval.  Those 
two  factors  lead  to  the  use  of  the  valid  data  word.  The 
valid  data  indicator  distinguishes  between  no  data  and 
zeros,  since  both  result  in  an  all-black  line.  The  valid 
data  indicator  also  provides  a  guarantee  that  at  least 
one  transition  will  occur  for  each  50  bits  of  data.  Exper¬ 
iments  with  the  VCR  have  shown  that  this  transition 
density  is  sufficient  to  maintain  synchronization  of  the 
resampling  clock. 


errors  in  the  recording  medium.  The  nature  of  the  data 
being  recorded  in  the  design  application  is  highly  redun¬ 
dant.  Because  of  the  immense  quantity  of  data  record¬ 
ed,  error  rates  as  high  as  10  4  have  little  effect  on  the 
usefulness  of  the  collected  data.  Field  tests  of  the  Tape- 
X  system  have  resulted  in  very  acceptable  data  integrity. 
The  true  bit  error  rate  of  the  system  has  never  been 
measured. 

The  system  has  been  used  successfully  to  collect 
some  36  hours  of  data  from  the  field.  Those  data,  the 
first  ever  collected  on  the  system,  are  being  used  to  eval¬ 
uate  the  system's  design  and  performance.  In  addition, 
the  Tape-X  data  have  allowed  for  post-exercise  experi¬ 
ments  in  processing  the  data  by  means  of  direct  com¬ 
parison  with  field  processing  results.  These  new  capa¬ 
bilities  are  yielding  significant  results  in  the  evaluation 
of  the  system. 


Data  integrity  is  an  important  factor  with  all 
data-recording  systems.  The  Tape-X  system  does  not 
use  special  formatting  to  correct  for  data  dropouts  or 
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A  NETWORK  MANAGEMENT  SIMULATION  OF  AGRT 
SYSTEMS  UNDER  VEHICLE-FOLLOWER  CONTROL 

H.  Y.  Chiu,  l).  I..  kershner,  and  P.  J.  McKvaddy 


A  computer  simulation  was  developed  to  provide 
the  first  capability  for  efficiently  evaluating  station  op¬ 
erations,  vehicle  management  techniques,  and  vehicle- 
follower  longitudinal  control  algorithms  in  a  full 
Automated  Guideway  Rapid  Transit  (AGRT)  network 
context.  The  simulation  was  then  exercised  to  investi¬ 
gate  the  performance  characteristics  of  vehicle  control, 
network  management,  and  station  models  and  their 
interactions. 


BACKGROUND 

The  use  of  AGRT  has  been  proposed  to  alleviate 
many  problems  associated  with  conventional  transpor¬ 
tation  modes  in  urban  areas.  The  concept  requires  the 
deployment  of  remotely  controlled  vehicles  carrying  10 
to  50  passengers  in  a  dedicated  guideway  network. 
Many  strategies  have  been  developed  to  handle  the  si¬ 
multaneous  longitudinal  control  of  possibly  hundreds 
of  such  vehicles.  One  generic  control  approach  is 
vehicle  following  (VF),  in  which  vehicle  spacings  and 
velocities  are  determined  only  by  status  information  on 
the  immediately  preceding  vehicle.  VF  has  been  ex¬ 
amined  extensively  at  the  individual  vehicle  interaction 
level.1  This  article  describes  the  development  of  a  net¬ 
work  management  simulation  (NMS)  to  provide  the 
first  capability  to  evaluate  the  operation  of  a  VF  control 
system  in  a  full  AGRT  environment.2 

With  NMS,  the  network-level  behavior  of  the  VF 
approach  to  longitudinal  control  in  AGRT  systems  can 
be  examined  in  great  detail.  A  typical  AGRT  system 
was  constructed  for  an  initial  application  of  the  NMS. 
The  following  study  objectives  were  established: 

1 .  Assess  the  practical  link  flow  capacities  as 
a  function  of  system  demand. 

2.  Determine  the  interactive  effects  of  VF 
with  station  operations. 

3.  Ascertain  the  energy  consumption  and 
power  demand  characteristics  of  VF. 

DISCUSSION 
Simulation  Design 

A  key  simulation  requirement  was  the  ability  to 
retain  the  dynamics  of  vehicle-to-vehiclc  interactions 
that  are  fundamental  to  VF  control.  A  continuous,  or 


time-step,  modeling  approach  was  selected  to  simulate 
the  movement  of  individual  vehicles  through  the  net¬ 
work  as  controlled  by  VF  logic  previously  developed  at 
APL.1  The  simulation  of  off-line  vehicle  movements 
(i.e.,  on  station  ramps  and  through  the  docking  area) 
was  accomplished  by  using  a  discrete-event  modeling 
approach  for  shifting  vehicles  from  one  location  to  the 
next  within  a  station  because  it  required  substantially 
less  computation  than  continuous  modeling  and  still 
preserved  a  level  of  fidelity  sufficient  for  the  purposes 
of  the  study. 

To  keep  the  computational  burden  from  becom¬ 
ing  excessive  and  to  direct  the  focus  of  study  toward  the 
management  performance  of  vehicle-related  opera¬ 
tions,  the  modeling  of  the  passenger  side  of  system  op¬ 
erations  was  omitted.  Although  passenger  arrivals  and 
associated  trip  demands  represent  the  “driver”  in 
most  network  simulations,  a  fixed  route  type  of  service 
structure  (based  on  the  anticipated  demand)  was 
assumed  and  was  used  as  a  way  to  maintain  the  flow  of 
vehicles  through  the  network.  This  form  of  service  has 
been  used  in  many  studies  for  peak  period  operations 
and,  because  of  station  operation  complexities,  may  be 
the  preferable  mode  of  operation  for  initial  AGRT 
deployments. 

The  resulting  simulation  product,  shown  sche¬ 
matically  in  Fig.  1 ,  is  a  combined,  continuous,  discrete- 
event  simulation  incorporating  VF  logic  to  control 
mainline  vehicle  motion  and  using  predetermined  ser¬ 
vice  route  frequencies  (i.e.,  vehicles  per  hour  per  route) 
to  drive  the  vehicle  flow  in  lieu  of  system  passengers. 
An  event-scheduling  approach  characteristic  of 
discrete-event  type  simulations  was  used  for  primary 
control  of  the  sequence  of  execution.  Vehicle  mainline 
operations,  simulated  using  a  continuous,  or  time-step, 
approach,  were  integrated  into  this  event-based  process 
by  simply  scheduling  the  state-update  events  at  regular 
intervals  that  equaled  the  selected  time-step  interval.  As 
indicated  in  Fig.  1,  the  types  of  events  that  were 
scheduled  included  station-related  events  for  vehicles  in 
the  discrete-event  mode,  state-update  events  for  vehicles 
in  continuous  mode,  and  state-related  events  to  transfer 
vehicles  from  one  mode  to  the  other  and  to  actuate  logic 
for  merge-control  and  network-path  selection. 

Network  Configuration 

The  initial  network  configuration  is  shown  in 
Fig.  2.  It  consisted  of  approximately  8  lane-miles  of 


Scheduled  events 


Figure  1  —  Network  simulation  control  structure. 


Figure  2  —  Test  network  for  traffic  management 
simulation. 


unidirectional  guideway  connecting  20  off-line  stations. 
The  network  was  representative  of  an  activity  center  cir¬ 
culation  system  that  might  be  typical  of  initial  AGRT 
deployments.  This  configuration  was  chosen  because  it 
had  many  of  the  characteristics  and  complexities  of 
larger  networks  (e.g.,  alternate  paths,  full  intersections, 
multiple  service  routes)  but  was  still  amenable  to  simu¬ 
lation  at  a  reasonable  cost  because  of  its  limited  size. 

The  configuration  of  the  NMS  included  90  links 
with  line  speeds  ranging  from  7  to  1 5  m/s.  The  links  im¬ 
mediately  upstream  of  merge  junctions  represented 
parallel  data  regions  within  which  vehicles  maneuver  in 


order  to  resolve  merge  conflicts.  All  stations  were 
assumed  to  be  single-channel,  serial-berth  configura¬ 
tions  with  an  entrance,  a  dock,  and  exit  queues. 

Simulation  Results 

Several  runs  were  made  with  the  NMS  with  sys¬ 
tem  vehicle  fleet  sizes.  The  duration  of  all  runs  was  set 
to  one  hour  of  simulation  time.  Some  of  the  following 
observations  were  made: 

1.  With  vehicle  flows  close  to  theoretical 
system  capacity,  the  NMS  did  not  show 
any  dynamic  vehicle  string  instabilities, 
such  as  “bunching,”  that  were  due  to 
vehicle-follower  controls. 

2.  For  heavily  congested  network  segments, 
a  constant-safety-factor  spacing  policy 
gave  better  system  performance  than  a 
comparable  constant-headway  spacing 
policy. 

3.  A  vehicle  management  reservation  strate¬ 
gy  significantly  reduced  station  entry 
rejections  of  mainline  vehicles  without 
degrading  other  system  performance 
measures. 

4.  The  energy  consumption  per  vehicle-mile 
traveled  was  found  to  vary  by  as  much  as 
3°7o,  depending  on  the  spacing  policy 
used. 

The  NMS  was  written  in  Fortran  and  executed 
on  the  Laboratory’s  IBM  3033  computer  system.  For 
the  assumed  network  configuration,  the  NMS  provided 
ratios  of  simulation  times  to  computer  processing  unit 
times  that  ranged  from  60  to  90.  The  efficiency  of  these 
ratios  makes  the  NMS  a  potentially  powerful  tool  for 
performing  sensitivity  studies  of  previously  unacces- 
sible  network  performance  measures. 
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EPOXY  CHARACTERIZATION  AND 
QCALIEICATION  STUDIES 

H.  k.  Charles,  Jr.,  K.  S.  Deltmer.  J.  A.  V\einer,  and  R.  C.  Benson 


.  l/i  extensive  epoxy  analysis,  characterization, 
and  testing  program  has  been  performed  at  APL.  Xew 
epoxies  have  been  qualified  for  use  in  high-reliability 
microcircuit  environments.  Advanced  materials  testing 
and  surface  analytical  techniques  to  determine  the  elec¬ 
trical,  mechanical,  and  chemical  properties  of  epoxies 
have  been  used  to  certify  an  adhesive  type  of  epoxy  and 
ulso  to  develop  optimum  processing  parameters  and 
methods  for  lot-to-lot  quality  assurance.  The  new  adhe¬ 
sives  have  been  used  in  several  ongoing  programs. 


BACKGROUND 

Epoxies  have  played  an  extensive  role  in  the  at¬ 
tachment  and  packaging  of  microelectronic  circuits. 
Epoxies  (and  other  organic  adhesives)  provide  the 


microcircuit-designer/development-engineer  with  many 
advantages  including  lower  temperature  processing  (less 
stress  on  chips  and  other  packaging  materials),  ease  of 
use  (screen  printable,  amenable  to  automated  assem¬ 
bly),  rapid  assembly  processing  (fewer  complex  and 
high-temperature  processing  steps),  rapid  rework  meth¬ 
odologies,  and  ultimately  lower  costs.  Historically,  or¬ 
ganic  adhesives  have  caused  many  reliability  problems, 
both  at  APL  and  throughout  the  electronics  industry. 
Epoxy  problems  can  be  divided  into  three  principal 
areas:  (a)  mechanical  strength,  thermal  expansion,  and 
adhesion  problems;  (b)  electrical  conductivity  (resistivi¬ 
ty)  instabilities;  and  (c)  chemical  interactions  (alumi¬ 
num-gold  intermetallic  growth,  aluminum  corrosion 
moisture  retention,  etc.).  Some  examples  of  epoxy-re¬ 
lated  problems  are  illustrated  in  Fig.  1 . 


Figure  1  —  Historical  epoxy  problems:  (a)  lifted  die.  (bt  sheared  wirebond.  (cl  Al-Au  intermetallic.  (d)  Al  corrosion 
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In  order  to  make  use  of  the  inherent  advantages 
of  epoxy  die  and  substrate  attachment,  the  API.  Micro¬ 
electronics  Group  needed  to  quality  several  new  epoxy 
adhesives  that  were  more  flexible  and  performed  better 
than  the  existing  qualified  epoxy.  Partieular  emphasis 
was  placed  on  a  nonconducting  epoxy  with  superior  ad¬ 
hesion  to  gold  and  on  a  low -resistance  high-stability 
conductive  adhesive.  Because  epoxy  failures  (such  as 
loss  of  adhesion  and  advanced  intermetallie  growth) 
had  been  associated  with  several  important  l  aboratory 
programs,  it  was  necessary  to  conduct  an  extensive  de¬ 
velopment  and  analysis  program  prior  to  the  introduc¬ 
tion  ot  :i;e  new  epoxies  into  the  microcircuit  production 
line.1  The  program  was  divided  into  three  major  areas: 
bulk  epoxy  testing  (mechanical,  electrical,  and  chemi¬ 
cal),  controlled  hybrid  construction  and  process  devel¬ 
opment,  and  the  establishment  of  reliability  and  quality 
assurance  criteria  and  equipment. 

DISCISSION 


Bulk  Kpoxy  Iesting/Analysis 

Mechanical  testing  has  been  performed  using 
both  shear  and  tensile  test  methods  on  bulk  epoxy  sam¬ 
ples  and  on  silicon  dies  attached  to  representative  sub¬ 
strate  materials.  Shear  test  results  for  a  typical  epoxy 
sample  set  are  shown  in  Fig.  2.  The  top  histogram  was 
produced  just  after  curing  while  the  bottom  data  were 
collected  after  thermal  stressing  at  150°C  for  1000 
hours.  Although  both  distributions  show  that  the  epoxy 
is  strong  and  quite  suitable  for  die  attachment  (NASA; 
indicates  that  the  minimum  shear  strength  for  epoxies 
should  be  greater  than  7  MN/nr,  or  8  N  for  our  sample 


□  Failure  between  the  epoxy 
and  the  thin  film  interface 

□  Failure  between  the  chip 
and  the  epoxy  interface 


□  Failure  at  the  chip  and 
combine' ions  of  chip 
and  epoxy 
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(b)  After  1000  hours  at  150  C 
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geometry),  there  is  a  distinct  change  in  the  failure  mode 
with  thermal  aging.  Following  epoxy  curing,  the  shear 
failure  mode  occurred  in  the  bulk  epoxy  or  else  the  sili¬ 
con  die  fractured  as  is  shown  in  Fig.  3a.  Post-thermal- 
annealing  failures  were  localized  at  the  interfaces  (Figs. 
3b  and  3c).  indicating  a  loss  of  adhesion  even  though 


Figure  2  —  Die  shear  strength  of  Ablebond  36-2  con¬ 
ductive  epoxy 


Figure  3  —  Die  shear  failure  modes:  (al  bulk  failure,  chip 
and  chip  epoxy  combinations:  tbl  epoxy/die  interface 
separation,  tc)  epoxy/substrate  interface  separation. 


the  shear  strengths  are  still  high.  A  tensile  test  that 
stresses  the  interface  strength  in  (he  normal  direction 
(perpendicular  to  the  plane  of  the  substrate  and/or  die) 
appears  to  be  a  more  sensitise  response  parameter,  es¬ 
pecially  alter  thermal  annealing.  All  subsequent  test  se¬ 
quences  used  a  combination  of  shear  and  tensile  force 
loadings.  The  tensile  tests  were  conducted  with  special 
test  buttons  (about  60  nun')  with  a  surface  plating  rep¬ 
resentative  of  the  particular  substrate  metallization  sys¬ 
tem  ot  interest  (e.g.,  gold,  aluminum).  Full  mechanical 
test  flow  sequences  are  presented  schematically  in 
Fig.  4. 

The  bulk  resistivity  of  conductive  epoxy  was 
measured  using  a  deposited  four-point-probe  tech¬ 
nique.  The  results  for  two  candidate  epoxies  are  shown 
in  Fig.  5.  In  the  case  of  Ablebond  36-2,  the  experimen¬ 


tal  points  agree  quite  favorably  with  the  values  obtained 
in  a  previous  NASA  study.-'  Stability  measurements 
have  been  made  under  various  conditions  ot  thermal 
and  electrical  stress,  as  is  shown  in  Fig.  4.  Typical  volt 
age  versus  current  curves  for  lest  samples  with  ten  ep 
oxv  joints  in  series  are  shown  in  Fig.  6.  The  curves  ate 
linear  (implying  constant  resistance)  for  the  three  tem¬ 
peratures  indicated  and  for  all  currents  less  than  2  \ 
(900  A/cm-'). 

Advanced  materials  analysis  techniques  such  as 
residual  gas  analysis,  the  scanning  Auger  microprobe, 
differential  scanning  calorimentry,  and  secondary  ion 
mass  spectrometry  have  been  used  to  determine  the 
compositional  and  behavioral  properties  of  candidate 
epoxy  materials  both  during  and  after  curing  as  well  as 
for  an  analysis  of  residual  deposits  (front  the  curing 
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Figure  5  —  Bulk  resistivity  versus  temperature  charac¬ 
teristics  of  conductive  epoxies. 
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Figure  6  —  Voltage  versus  current  characteristics  ot 
conductive  epoxies. 

process)  on  adjacent  substrate  material.'  An  example 
of  a  residual  gas  analysis  is  shown  in  Fig.  7.  It  was  used 
to  determine  proper  cure  cycles,  and  it  can  be  seen  that 
the  longer  cure  (twice  the  manufacturer's  recom¬ 
mended  tim">  produced  less  gaseous  products  during 
subsequent  post-cure  healing.  Both  the  mechanical  and 
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Figure  7  —  Volatile  species  from  cured  rpoxy  after  ex¬ 
tended  heating  at  125  C  (residual  gas  analysis  spectral 
(a)  Short  cure  |2  h  in  nitrogen  at  150  C).  (bl  long  cure  (4  h 
m  nitrogen.  4  h  in  vacuum  at  150  Cl. 

the  electrical  properties  of  samples  that  were  cured 
longer  are  equal  to  or  exceed  (in  the  case  of  shear 
strength)  those  of  samples  using  the  manufacturer's  re¬ 
commended  time. 

Secondary  ion  mass  spectrometry  and  the 
scanning  Auger  microprobe  have  been  used  to  analyze 
not  only  the  bulk  material  but  also  the  residual  sub¬ 
strate  deposits  from  the  epoxy  during  curing.  A  typical 
Auger  spectrum  for  a  representative  metallization  is 
shown  in  Fig.  8.  Carbon  and  fluorine  signals  appear  in 
the  vicinity  of  the  cured  epoxy  and  are  absent  on  the 
control.  Differential  scanning  calorimetry  has  been 
used  to  determine  the  glass  transition  temperature  and 
the  percentage  of  cure.'  Such  information,  when  cor¬ 
related  with  the  residual  gas  analysis  spectra  and  the 
Auger  and  secondary  ion  mass  spectrometry  results, 
can  provide  a  comprehensive  picture  of  the  material 
characteristics  and  behas  ior. 
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Electron  energy  (eV) 

Figure  8  —  Auger  electron  spectroscopy  spectrum  of 
substrate  (aluminum  on  silicon)  exposed  to  outgassing 
from  Ablebond  36-2  epoxy  during  cure  at  150  C  (1  h  in 
vacuum.  1  h  in  nitrogen),  (ai  Control.  < b i  exposed 
sample 


Hybrid  l  ubrication 
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Fabrication  of  representative  hybrid  test  samples 
forms  an  integral  part  of  the  epoxy  qualification  pro¬ 
gram.  A  typical  niultilabrieation  technology  hybrid 
< i . e . .  one  that  uses  three  forms  of  die  attachment  eu¬ 
tectic  (AuSi),  solder  (I’bSn),  and  epoxy  is  shown  in 
I  ig.  9a.  The  use  of  conductive  epoxy  would  allow  this 
hybrid  to  be  assembled  in  a  much  faster  manner  with  a 
blither  initial  xield  (the  matched  transistor  pair  was  par¬ 


Figure  9  —  Hybrid  test  samples  (Model  0534  Peak  De¬ 
tector).  (a)  Multifabncation  attachment  system  (stan 
dard  process),  (b)  all-epoxy  system  mew  processi 

ticularly  susceptible  to  the  high  temperatures  encoun¬ 
tered  during  eutectic  die  attachment).  An  all-epoxy  ver¬ 
sion  of  this  hybrid  is  shown  in  Fig.  9b  Full  hybiid  qual¬ 
ification  has  been  performed  on  these  hybiid  samples 
and  has  shown  that  this  method  results  in  a  better  yield 


than  the  tnultifabrication  technology  method.  Detailed 
destructive  physical  analysis,  long-term  materials  test¬ 
ing,  and  reliability  studies  are  under  way. 


periods,  on  lots  in  inventory  to  ensure  lot-to-lol 
integrity  and  viability.  The  tests  should  include: 


Reliability  and  Quality  Assurance  Considerations 

An  extensive  qualification  testing  program  to  in¬ 
troduce  new  epoxies  into  the  hybrid  manufacturing  line 
consisted  of  three  distinct,  but  salient,  phases:  (a)  mech¬ 
anical  and  electrical  property  determination;  (b)  fabri¬ 
cation,  screening,  and  analysis  of  representative  hybrid 
lots;  and  (c)  the  application  of  advanced  chemical  and 
surface  analysis  methods  to  the  bulk  epoxy  and  to  rep¬ 
resentative  hybrid  surfaces.  Several  interesting  observa¬ 
tions  were  made: 

1.  Although  shear  strengths  remain  relatively 
strong  following  long-term  (1000  hours) 
thermal  exposure  and  hybrid  processing,  it 
appears  that  changes  occur  either  in  the 
epoxy  itself  or  at  the  interfaces.  The  changes 
shift  the  dominant  mode  of  failure  from  bulk 
shear  to  interfacial  separation,  which  sug¬ 
gests  that  a  technique  for  die  tensile  testing 
may  be  a  better  measure  of  epoxy  strength 
then  the  common  shear  test  (especially 
considering  the  typical  hybrid  qualification 
test  using  constant  acceleration). 

2.  Most  electrical  stability  tests  involve  moni¬ 
toring  the  room  temperature  resistivity  after 
exposure  to  thermal  and  electrical  stresses.  It 
appears  that  the  entire  resistivity-versus-tem- 
perature  curve  should  be  monitored  to  detect 
end-point  (intercept)  changes  and  changes  in 
slope. 

3.  Although  the  basic  electrical  and  mechanical 
properties  of  an  epoxy  may  appear  to  be  ac¬ 
ceptable,  certain  problems  may  occur  in  their 
actual  use,  such  as  handling,  dispensing,  and 
bleed-out  during  curing.  Therefore,  empiri¬ 
cal  hybrid  fabrication  must  be  included  in 
any  epoxy  qualification  program. 

4.  Advanced  methods  of  materials  analysis 
must  be  used  to  investigate  both  bulk  impuri- 
ies  and,  more  importantly,  adsorbed  impuri¬ 
ties  on  surrounding  surfaces  deposited  dur¬ 
ing  curing  and  subsequent  hybrid  processing. 
Such  analyses  should  include  differential 
scanning  calorimetry,  residual  gas  analysis. 
Auger  electron  spectroscopy,  and  secondary 
ion  mass  spectrometry. 

I  he  results  of  the  program  indicate  that  exten¬ 
sive  complex  testing  and  analysis  are  necessary  to 
quality  an  epoxy  for  high-reliability  applications.  Once 
they  are  qualified,  certain  basic  tests  can  he  performed 
routinely  on  incoming  lots  and.  after  specified  time 


1.  Viscosity  measurement  on  conductive 
epoxies  to  provide  for  optimum  screen  print- 
ability,  especially  with  epoxies  whose  sol¬ 
vents  evaporate  in  air; 

2.  Bulk  electrical  resistivity  with  temperature 
(for  conductive  epoxies); 

3.  Mechanical  die  shear  and  tensile  strength 
measurements  (both  conductive  and  noncon- 
ductive  epoxies)  to  check  the  basic  strengths 
and  to  monitor  changes  in  surface  adhesion 
properties; 

4.  Measurement  of  glass  transition  temperature 
and  an  analysis  of  residual  gas  when  curing 
volatile  species. 

If  results  are  nonstandard,  either  the  lot  should 
be  rejected  or  the  full  new  epoxy  qualification  plan 
should  be  repeated. 
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file  destructive  wire-bond  pull  test  is  the  uni¬ 
versally  ueeepted  technique  lor  evaluating  and  control- 
line  the  quality  (strength)  ot  nneroeleelronie  wire 
bonds,  lor  selling  bonding  machine  parameters,  and 
lor  certifying!  wire-bond  line  performance.  Although 
that  technique  has  been  shown  to  be  adequate  for  the 
evaluation  and  control  ot  aluminum  wedge  bonds,  it  is 
quite  apparent  that,  because  of  its  large  interfacial  weld 
areas  (nominally  six  to  ten  times  the  cross-sectional  area 
of  the  wire),  it  provides  little  information  on  the 
strength  and  hence  the  relative  quality  of  the  bail-bond 
bonding-pad  interfaces,  liven  in  poorly  made  ball 
bonds  the  wire  will  break  in  pull  testing1  before  the  ball 
lifts.  Only  in  the  case  ol  catastrophic  failures,  such  as 
low -temperature  impurity  -driven  intermetallic  growth, ' 
will  the  destructive  wire-bond  pull  test  yield  informa¬ 
tion  other  than  the  relative  breaking  strength  of  the 
wire.  F  inis,  a  new  test  that  stresses  the  bail-bond' bond¬ 
ing-pad  interface  is  needed  as  a  complement1  to  the  tra¬ 
ditional  wire-bond  pull  test  to  ensure  complete  wire- 
bond  viability  in  the  various  microelectronic  packages 
and  systems  available  today . 

Ihc  bail-bond  shear  test  (fig.  I)  can  provide 
this  interfacial  stress.  I  he  test  involves  bringing  a  me¬ 
chanical  shearing  ram  up  to  the  outside  ot  a  bonded 
ball,  applying  a  force  to  the  ball  (parallel  to  the  plane  ot 
the  bonding-pad  met  all  i/at  ion )  of  sufficient  magnitude 
to  push  the  ball  olt  the  pad  and  ot  substrate  metalliza¬ 
tion.  and  recording  the  value  ot  that  lorce. 

DISCISSION 

Iquipment 

I  he  ball  bond  sheet  data  were  obtained  using  a 
Dagc-Precuna  \K  I  20  Microtestci .  a  semiautomatic 


Figure  1  —  Schematic  diagrams  of  the  bail-bond  shear 
tests,  (a)  Horizontal  sample  and  horizontal  ram,  (b)  hori¬ 
zontal  sample  and  vertical  ram.  and  (c)  vertical  sample 
and  vertical  ram 

nuctoproccssot  controlled  min  in  which  the  ram  must 
be  positioned  mnnuullv  t  sine  the  micrometei  -con¬ 
trolled  universal  sample  holder  (lie  2).  the  shearing 
ram  can  e.isilv  be  positioned  to  lolciancC'  better  than 
t  5.0  /  in  <0  2  null  m  (tie  s  and  v  directions  and  2.'  /,m 
(0  1  mil)  in  lire  /  tahov e  sub'ii .net  du ec lion  (  Mice  po'i 
lioned.  the  mill  uuiom.iinullv  peitornis  lire  tesime  op 
clarion,  il  divilalh  d'-pl.ivs  ihe  m.ivimum  value  ot 
cheat  toKc  a-  me. 'siucd  In  die  built  in  'Ham  cauve  (0 
to  2(Ki  ei  am  s  I  ok  •  ie  •  1 1  r  aovc  I 


I  T5 


Mean  32.64  g-f 


Figure  2  —  Close-up  view  of  shearing  ram  and  test  sub¬ 
strate  on  the  Dage-Precima  MCT-20  Microtester. 


I  hi’  NK  I  -20  Microiester  is  also  equipped  to  per¬ 
form  nondestructive  hull  shear  testing  (in  complete 
analogy  to  the  nondestructive  wire-bond  pull  lest”).  In 
the  nondestructive  ease,  the  shearing  rant  loads  the  hall 
bond  with  a  predetermined  load  specified  by  the  opera¬ 
tor.  When  that  load  has  been  reached,  the  ram  automat¬ 
ically  returns  to  1 1 start i nu  position.  I  he  display  indi¬ 
cates  the  preset  load  unless  the  ball  sheared  before  the 
specified  limit  was  reached;  then  the  displav  indicates 
the  failure  load. 

A  flat  chisel-shaped  tool  (He.  2)  with  a  shearing 
edge  dimension  of  0. 1 52  mm  (6  mils)  has  been  most  ef¬ 
fective  for  shearine  ball  bonds  made  with  25.4  mu  (I 
mil)  diatnelet  cold  wire.  I  he  navel  rate  ol  the  shearine 
ram  on  the  NK  1-20  is  adptstable  trom  0.25  l o  b.U 
mm  s;  c\pci intents  have  'lunvn  that  ball  shear  distnbu 
lions  ate  essentially  independent  ol  shearine  rate  m  this 
ian.ee.  Mt'st  ol  the  1  4. (N)0  ball  shears  conducted  to  dale 
were  at  a  rate  ol  1 .0  mm  s. 

Haseline  Data  and  l.xperimenlal  Design 

l  sine  the  shear  me  equipment  atwl  the  eenetal 
pioicdinc'  outhneil  above,  eold  tiler  mosonn  ball -bond 
•heat  data  have  been  .olliMcd  on  a  v.uictv  ol  ciiiinl' 
and  uiateii.il  sample  c  on  I  i.eui  at  mils,  iiichuhne  eold 
inct.illiz.ilioii  on  ahimina  (poke r v siallme  M  (•  . 


Shear  strength  (g  f| 

Flgue  3  —Histogram  of  wire-bond  shear  strengths  of 
gold  thermosonic  ball  bonds  to  aluminum  metallization 

(on  silicon). 

99.6"o  pure)  and  aluminum  metallization  on  silicon, 
figure  3  is  a  typical  histogram  for  the  shear  strength  of 
gold  ball  bonds  on  aluminum  metallization  with  silicon 
(»i//>  type,  (100)  orientation)  as  the  substrate  material. 

Care  was  taken  to  clean  all  substrate  metalliza¬ 
tions  with  oxygen  plasma  or  ultraviolet  light  ( U V )- 
ozone  before  bonding.  The  bonding  machine  parame¬ 
ters  were  optimized  using  the  standard  wire-bond  pull 
test.  It  was  quite  clear  from  preliminary  experiments 
that  this  set  of  bonding  parameters  —  although  produc¬ 
ing  good  wire  bonds  (by  visual  inspection  and  pull  test 
criteria)  and  adequate  shear  strengths  —  did  not  opti¬ 
mize  the  ball-bonding  process.  With  the  ball  shear  test 
providing  a  direct  measure  of  the  bail-bond- bonding- 
pad  interface  strength,  it  was  possible  to  construct  ex¬ 
periments  whose  results  provided  specific  guidelines  for 
bail-bond  optimization.  In  those  experiments,  the  effect 
of  bonding  patatneters  on  gold-to-aluniinum  ball  shear 
were  investigated  using  a  fractional  factorial  design. 

A  complete  2'  factorial  design  table  including 
second-  and  third-order  interactions  is  shown  in  Table 
I  .  (In  the  table.  /-*  is  the  first  bond  power  in  millivolts,  7 
is  the  substrate  temperature  in  degrees  centigrade  and  D 
is  the  first  bond  dwell  in  milliseconds.)  I  he  responses 
denoted  as  S  (i  -  1  to  8)  are  the  mean  strengths  for 

Table  1  —  Experimental  design  and  observed 
responses  for  linear  ball  shear  model. 
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Table  2  —  A  complete  23  factorial  design  interaction 
table  (unreplicated). 
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I  each  experimental  treatment.  I  he  calculation  of  any  ef- 

1  leet  is  simply  the  sum  of  the  products  of  each  lex  el  and 

the  corresponding  response,  all  divided  by  21'  11  where 
k  in  this  ease  equals  .1.  I  or  example,  the  effect  of  first 
bond  power  is 

/■»  =  (  -  .S',  S.  S,  -  Sj  +  V. 

^  +  .S„  +  .5  +  S.I-4. 

Experimental  results  on  aluminum  metalliza- 
tions  of  carious  thicknesses  (1,  2,  3,  and  6  pm)  indicate 
that  increasing  the  first  bond  power  by  30  mV  (i.e.,  1 

i  to  ♦  I )  has  a  significant  effect  (except  for  the  6  pm  film) 

!  on  increasing  the  bond  shear  strength.  The  mean  shear 

strength  as  a  function  of  dwell  time  is  plotted  in  Fig.  4 
for  carious  substrate  temperatures  and  power  settings. 
For  the  100" C  substrate  temperature,  the  mean  shear 
strength  is  a  linear  function  of  deceit  time  over  the  range 
from  26  to  50  nts  with  a  slope  of  +0.25  g»f/ms.  At 
150°C',  the  linear  relationship  breaks  down  and  the 
shear  strength  increases  rapidly  with  dwell  time  up  to 
approximately  40  ms. 

Kali  Shear  Model 

A  linear  model  for  the  mean  bail-bond  shear 
strength  in  terms  of  the  bonding  machine  parameters 
(/’,  /,  and  /))  was  constructed  using  a  21  factorial  ex¬ 
perimental  design  with  replicated  center  points,  as 
shown  in  Table  2.  The  resultant  linear  model  for  the 
shear  strength(s)  takes  the  form 

.S  =  5,  +  5,5  +  5.  ♦  H.D. 


•  P  =  260  mV  T  =  100  C  *  P  =  260  mV  T  -  150  C 
UP  =  290  mV  T  --  100  C  *P  =  290  mV  T  =  150  C 


Figure  4  —Effect  of  dwell  time  on  mean  wire-bond  shear 
strengths  for  various  first  bond  power  and  pedestal  tern 
perature  settings. 
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where  the  coefficients  for  the  responses  shown  in  Table 
2  are/?,,  =  -104.3,5,  =  0.29,5,  =  0.27,  and  5,  = 

0.22.  The  equation  simplifies  the  understanding  of  how 
the  bonding  parameters  influence  bond  strength,  elim¬ 
inating  the  need  for  the  usual  complex  three-dimen¬ 
sional  graphical  plots.  In  addition,  the  linear  factorial 
design  provides  an  efficient  way  to  generate  new  models 
should  different  substrates  and/or  substrate  metalliza¬ 
tions  be  required.  The  linear  equation's  “goodness  of 
fit”  to  the  experimental  data  was  found  to  be  within 
95%  for  the  range  of  bonding  parameters  considered. 

Figure  5  is  a  histogram  of  gold-to-aluminum  ball  shear 
data  for  optimized  bonding  parameters  derived  from 
the  ball  shear  equation. 

Parameleric  Test  Results 

The  influence  of  the  thickness  of  the  aluminum 
metallization  on  the  strength  of  the  gold-to-aluminum 
ccire  bonds  was  investigated  using  ball  shear  as  a  re¬ 
sponse  parameter.  The  test  results  clearly  indicate  a  lin¬ 
ear  reduction  in  the  net  shear  strength  as  a  function  of 
film  thickness  for  constant  bonding  parameters  with  a 
slope  of  approximately  1 .9  g»|7pm  thickness  of  alumin¬ 
um.  In  addition  to  metallization  thickness,  the  effects 
of  substrate  surface  roughness  (morphology)  and  mate¬ 
rial  were  investigated.  Silicon,  alumina,  and  single-crys¬ 
tal  sapphire  (Al-O,)  were  used  for  the  comparative 
analyses.  The  results  were  considered  for  several  metal¬ 
lization  thicknesses  and  a  range  of  bonding  parameters. 

I  he  only  significant  as-bonded  effect  noted  was  the  in¬ 
fluence  ol  film  thickness  (associated  with  a  particular 
substrate  morphology  ).  That  effect  consisted  of  an  in¬ 
creased  mean  shear  strength  for  the  rougher  alumina  as 
the  metal  film  thickness  increased  c  nile  for  the 
smoother  silicon  and  sapphire  the  mean  shear  strength 
decreased.  137 
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Shear  strength  ( g- f ) 

Figure  5  —  Histogram  ot  wire-bond  shear  strengths  of 
gold  thermosonic  ball  bonds  to  aluminum  metallization 
(on  silicon)  after  optimization  with  the  ball  shear 
equation. 

Contamination  and  cleaning  methods  have  been 
studied  using  ball  shear  as  the  parametric  response  pa¬ 
rameter,  Four  different  cleaning  methods  (hydrocarbon 
solvent,  acid,  UV-o/one,  and  oxygen  plasma)  were  used 
to  remove  two  types  of  contamination:  photoresist  and 
epoxy  gaseous  products.  Typical  test  data  have  been 
published  previously/  Solvent  cleaning  was  found  to 
he  the  least  effective  way  to  restore  ball  shear  strength 
to  the  levels  of  uncontaminated  materials.  The  solvent 
treatment  had  little  effect  on  cleaning  either  epoxy  resi¬ 
dues  or  photoresist;  the  shear  strength  differed  little  be¬ 
tween  the  cleaned  and  the  uncleaned  surfaces.  In  fact, 
in  most  cases,  the  sample  mean  was  actually  lower  after 
cleaning. 

Cleaning  both  contaminants  with  a  sulfuric 
acid/ potassium  persulfate  solution  did  restore  (he  mean 
shear  strength  to  the  level  of  bonds  made  on  uneoniam- 
inated  substrates.  The  method  performed  equally  well 
on  both  aluminum  and  gold  metallized  substrates.  Un¬ 
fortunately,  this  type  of  cleaning  process  is  incompat¬ 
ible  with  many  organic  materials  used  in  microcircuit 
assembly,  including  epoxy  resins.  Oxygen  plasma  clean¬ 
ing  was  also  found  to  be  acceptable  for  restoring  shear 
strengths  for  both  contaminants  and  substrate  types. 
The  UV-o/one  cleaning  yielded  the  most  significant  im¬ 
provement  in  bond  shear  strength  for  both  contami¬ 
nants  on  gold  metallization.  For  aluminum  on  silicon 


samples,  the  sheer  strength  was  not  restored  to  uncon¬ 
taminated  levels,  but  there  was  some  improvement. 

Thermal  wire-bond  stressing  experiments  at  ele¬ 
vated  temperatures  (125,  200,  250,  and  300*0  were 
conducted  to  evaluate  bonding  mechanisms  and  alum¬ 
inum-gold  intermetallic  growth.  Activation  energies 
were  determined  using  parabolic  intermetallic  growth 
laws.  During  the  initial  growth  phases,  a  combined  acti¬ 
vation  energy  of  13  keal/mole  was  calculated  on  the 
basis  of  ball  shear  test  responses. 
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CUSTOM  LARGE-SCALE  INTEGRATED  CIRCUIT 

K.  C.  Moore  and  K.  K.  Jenkins 


I  custom  large-scale  integrated  circuit  design  ca¬ 
pability  hus  been  established  at  API .  A  fully  integrated 
set  oj  user- friendly  software  tools  has  been  placed  on  two 
of  the  laboratory's  computer  systems  to  enable  design 
engineers  to  create  and  simulate  custom  integrated  cir¬ 
cuit  designs.  The  facility  lias  been  used  to  create  a  com¬ 
plex  V MOS  design  that  has  been  successfully  fabricated 
by  a  silicon  foundry. 

BACKGROUND 

Out  of  the  current  technological  advances  in  very 
large  scale  integration  (VI. SI)  has  emerged  a  potential  for 
the  cost-effective,  full  custom  design  of  high-density  inte¬ 
grated  circuits  in  small  lots.  The  availability  of  sophisti¬ 
cated  computer-aided  design  (CAD)  tools  and  the 
existence  of  competing  silicon  foundries  offer  government 
laboratories  without  in-house  I  SI  fabrication  facilities 
a  unique  opportunity  to  explore  this  potential.  The  pos¬ 
sibility  now  exists  for  solving  problems  in  innovative  sys¬ 
tems  applications  that  cannot  be  accomplished  with 
off-the-shelf  components  or  gate  arrays.  API.  has  reduced 
this  possibility  to  practice  by  designing  a  custom  inte¬ 
grated  circuit  and  having  it  fabricated. 


DISCUSSION 

The  overall  goal  of  this  effort  was  to  establish  a 
capability  for  applying  LSI  technology  to  spaceborne  sys¬ 
tems.  The  effort  was  limited  to  design  considerations;  test¬ 
ing  of  complex  LSI  circuits  is  beyond  the  present 
capabilities  of  the  Laboratory.  However,  certain  built- 
in-test  functions  were  included  in  the  design  to  facilitate 
manual  testing  of  the  finished  chips. 

The  heart  of  the  design  facility  is  an  integrated  col¬ 
lection  of  CAD  tools  running  on  a  V  AX-1 1  780  computer: 

1 .  A  hierarchical  interactive  color  graphics  editor 
(called  CAF.SAR)  by  means  of  which  cell  li¬ 
braries  are  built  at  the  mask  layout  level; 

2.  A  conversion  or  translation  program  that  con¬ 
verts  C'AFSAR  data-base  formats  into  Caltech 
intermediate  form  (CM  ); 

3.  A  circuit  extractor  that  creates  a  device  file  and 
net  list,  including  estimates  of  parasitic  capac¬ 
itances,  from  the  ('ll  file; 

4.  Two  logic-level  functional  simulators:  one  sim¬ 
ulates  enhancement  mode  transitors  as  if  they 
were  switches,  the  other  performs  simplified  es¬ 
timations  of  system  timing  as  well; 


5.  A  conversion  program  that  translates  the  out¬ 
put  of  the  circuit  extractor  into  a  format  com¬ 
patible  with  the  circuit  simulator; 

6.  A  detailed  circuit  simulator  that  simulates  ac¬ 
tual  node  voltages  and  currents  by  modeling 
transistor  parameters; 

7.  A  design  rule  checker  that  checks  the  mask-level 
layout  for  design  rule  violations,  e.g.,  the  poly¬ 
silicon  too  close  to  diffusion,  the  transistor  gate 
not  extending  far  enough  beyond  the  source/ 
drain  region,  improper  overlapping  of  the  ion 
implant,  or  buried  contact  with  corresponding 
structures; 

8.  A  Versatec  plotter  package  that  permits  hard¬ 
copy  checkplots  to  be  created  directly  from  the 
CIF  files. 

All  of  these  tools  are  made  compatible  by  main¬ 
taining  files  in  particular  predefined  formats.  File  direc¬ 
tory  maintenance  is  performed  by  the  UNIX  operating 
system,  under  which  all  these  CAD  tools  run.  Several 
other  CAD  tools  are  available  to  supplement  them, 
including  an  automatic,  programmable,  logic  array 
generator. 

The  goal  in  the  design  was  to  include  on  the  chip 
all  the  major  portions  of  the  carrier  tracking  logic  for 
the  digital  phase-locked  loop  of  a  global  positioning  sys¬ 
tem  navigation  receiver.  The  most  recent  designs  for 
global  positioning  system  receivers  use  microprocessors 
to  control  the  carrier-  and  code-tracking  logic.  The 
microprocessor  performs  arithmetic  associated  with  scal¬ 
ing,  integrating,  and  filtering  the  detected  phase  error 
signal.  The  microprocessor  then  controls  a  digitally  con¬ 
trolled  oscillator  (DCO)  that  is  usually  a  form  of  binary 
rate  multiplier  (BRM). 

The  minimum  required  hardware  functions  for 
carrier  tracking  in  this  type  of  design  are  two  identical 
phase  error  detectors/integrators  (one  for  each  quadrature 
component,  1  and  Q,  of  the  local  DCO),  a  BRM  to  func¬ 
tion  as  the  DCO,  and  some  logic  at  the  output  of  the  BRM 
to  produce  the  two  quadrature  phases  of  the  local  signal 
at  baseband  frequency. 

To  reduce  the  overall  scope  of  the  chip  project  to 
a  realistic  level,  it  was  decided  not  to  implement  a  com¬ 
plete  stand-alone  carrier  tracking  loop  but  to  include  the 
major  pieces  with  sufficient  input/output  capability  to 
test  functionality  and  to  include  the  chip  in  a  breadboard 
version  of  a  carrier  tracking  loop  if  that  later  proved  de¬ 
sirable  for  demonstration  purposes.  Included  were  an 
18-bit  BRM  designed  to  operate  at  a  clock  frequency  of 
2.5  MHz  and  a  phase  error  detector/integrator  designed 
to  operate  at  a  sampling  frequency  of  10  MHz.  Figure 


Figure  1  —  The  microprocessor-controlled  carrier  tracking  loop. 


1  is  a  block  diagram  of  a  microprocessor-controlled  car¬ 
rier  tracking  loop.  The  tinted  area  indicates  the  region 
included  on  the  chip. 

Two  copies  of  the  phase  error  detector  (sine  and 
cosine)  would  be  required  in  an  operational  receiver;  how¬ 
ever,  only  one  was  included  on  the  chip.  This  permitted 
the  scope  of  the  project  to  be  expanded  to  include  two 
other  functions:  a  control  unit  switch  and  an  arithmetic 
multiplier.  The  control  unit  switch  is  designed  to  control 
the  switching  of  a  computer  terminal  between  two  termi¬ 
nal  control  units.  The  arithmetic  multiplier  is  an  expand¬ 
able,  parallel  two’s  complement  design  with  wide 
application  in  signal  processing.  Figure  2  shows  the  com¬ 
pleted  chip. 

The  major  function  cells  that  were  generated  in 
the  design  are: 

1.  A  toggle  flip-flop  used  as  high-order  bits  in 
phase  integrator  counters  and  in  several 
divider  circuits; 

2.  A  D-type  flip-flop  widely  used  in  various  con¬ 
trol  circuits  and  in  the  control  unit  switch 
project; 

3.  A  generator  of  two-phase,  nonoverlapping 
clocks  with  super  buffer  line  drivers; 

4.  An  inverted  exclusive-OR  with  20  MHz 
response,  used  as  a  phase  comparator; 

5.  A  high-speed  OP/NO-OP  counter  used  as  a 
lowest -order  bit  in  phase  integrator  counters 
and  in  divider  chains; 

6.  A  binary  full  adder  to  compute  (he  effective 
up/down  count  in  the  phase  integrator; 

7.  A  parallel-load,  serial-shift  register  element  to 
sample  and  shift  out  the  phase  integrator 
results; 

8.  A  clock  synchronizing  cell  with  a  super  buf¬ 
fer  line  driver,  used  in  control  sections  to  syn¬ 


chronize  control  signals  with  desired  clock 
phases; 

9.  A  2-bit  counter  module  with  a  synchronous 
carry  chain,  used  in  the  BRM  (the  BRM 
counter  is  formed  by  nine  of  these  modules); 

10.  An  output  logic  module  for  the  BRM  that  uses 
the  positive  derivative  of  BRM  counter  out¬ 
puts  to  produce  a  BRM  output  that  is  rate 
controlled. 

In  addition  to  these  cells,  various  others  were  pro¬ 
duced  for  use  in  isolated  places  throughout  the  chip. 
Various  test  cells  also  were  included;  they  will  allow  dit 
ferent  types  of  devices  to  be  tested  by  the  probing  of  un¬ 
packaged  chips. 

Processed  wafers,  each  containing  about  165  dice, 
were  received  from  the  silicon  foundry  seven  weeks  after 
the  purchase  contract  was  issued.  Probe  testing  of  the 
wafers  and  subsequent  testing  of  the  packaged  parts 
verified  that  the  circuits  work  exactly  as  predicted  by  the 
computer  design  models.  Pulses  as  short  in  duration  as 
20  ns  were  modeled  accurately  by  the  circuit  simulator. 
The  BRM  easily  ran  at  2.5  MHz,  and  the  phase  error  in¬ 
tegrator  ran  at  clock  speeds  up  to  20  MHz.  The  comple:ed 
circuits  met  all  of  their  specifications  with  some  margin 
on  speed. 

The  chip  was  0.197  by  0.219  in.  and  contained  ap¬ 
proximately  8000  transistors.  Foundries  can  produce  chips 
as  large  as  0.42  by  0.42  in.  Therefore,  using  the  existing 
CAD  tools  and  design  rules,  one  could  design  and 
fabricate  a  circuit  that  would  contain  30,000  transistors. 
This  is  just  a  factor  of  two  away  from  VLSI.  These  CAD 
tools  are  adequate  for  designs  well  beyond  this  level  of 
integration,  and  their  establishment  puts  the  Laboratory 
in  a  position  to  exploit  future  improvements  in  foundry 
technology  for  custom  VI  SI  design. 
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INTRODUCTION 


Fundamental  research  has  been  firmly  established  at  APL  for  many  years 
as  one  of  the  Laboratory’s  principal  missions.  Those  missions  include  the  appli¬ 
cation  of  advanced  science  and  technology  to  the  enhancement  of  the  security  of 
the  United  States  and  the  pursuit  of  basic  research  to  which  the  Laboratory’s  fa¬ 
cilities  can  make  an  especially  favorable  contribution.  The  incorporation  of  basic 
research  into  APL’s  mission  recognizes  that  such  research  will  play  a  vital  role 
in  future  technological  achievements  and  that  it  is  needed  to  avoid  institutional 
obsolescence. 

Much  of  the  basic  research  conducted  at  APL  is  done  in  the  Research  Cen¬ 
ter,  which  was  formally  established  in  1947.  Its  objectives  are  “to  carry  on  basic 
research  supporting  present  and  potential  mission  areas  of  the  Laboratory,  to  es¬ 
tablish  the  Laboratory  as  a  contributor  to  basic  science,  to  provide  research  tech¬ 
niques  and  technical  consulting  for  solving  problems  critical  to  Laboratory 
programs,  and  to  serve  as  an  entry  for  new  talent  and  scientific  information  into 
the  Laboratory.”  Since  its  inception,  the  Research  Center  has  spawned  new  pro¬ 
grams  that  are  now  carried  out  in  other  units  of  the  Laboratory.  Most  notable 
are  the  Space  Department  and  the  Biomedical  Research  Program. 

Today,  the  Milton  S.  Eisenhower  Research  Center  is  comprised  of  52  staff 
members  organized  into  four  groups.  Research  is  reported  in  the  professional  scien¬ 
tific  literature;  typically,  60  papers  are  published  each  year.  The  articles  in  this 
section  describe  some  recent  accomplishments  in  fundamental  research  by  staff 
members  of  the  Research  Center. 


PHOTOELEC TROLYSLS  OE  WATER  BY  MODIFIED 
TRANSITION  METAL  OXIDES 


T.  K.  Phillips,  J.  C'.  Murphy,  K.  Moorjani, 
and  T.  ().  Poehler 


H  e  have  shown  that  the  alloying  of  H'eTiO,  into 
the  n -type  he  (>  lattice  significantly  improves  the  pho- 
toelecirochenticul  spectral  response  of  the  semiconduc¬ 
tor,  making  it  a  potentially  attractive  candidate  for 
solar  energy  conversion  applications. 


BACKGROUND 

Recognizing  the  difficulties  generally  associated 
with  the  currently  established  energy  sources  (such  as 
reliability  of  supply,  quantity,  and  pollution  and  safety 
problems),  it  is  slowly  becoming  evident  that  alternative 
energy  sources  must  be  given  serious  consideration.  Of 
all  the  other  sources  available,  solar  energy  will  most 
likely  be  the  principal  candidate. 

Solar  energy  conversion  by  means  of  solid-state 
photovoltaic  cells  is  a  well  established  process  and  will 
play  a  major  role  in  the  use  of  solar  energy  in  the  years 
to  come.  Another  less  well  known  approach  to  solar 
energy  conversion  known  as  photoelectrochemistry  is 


beginning  to  show  promise  and  may  also  play  an  equal¬ 
ly  important  role  in  the  future. 

The  basis  of  a  photoelectrochemical  cell  lies 
within  the  Schottky  barrier  that  is  formed  when  a  semi¬ 
conductor  is  immersed  in  a  liquid  electrolyte  (Fig.  1). 
The  solution  serves  as  a  substitute  for  the  metal  elec¬ 
trode  in  a  conventional  Schottky  junction.  In  fact, 
much  of  the  interest  in  photoelectrochemical  systems 
stems  from  the  fact  that  with  the  replacement  of  the 
metal  electrode  by  the  solution,  the  barrier  interface  is 
now  readily  accessible  for  investigation  and  the 
‘‘metal"  electrode  can  be  neatly  and  conveniently  al¬ 
tered  simply  by  v  arying  the  chemical  composition  of  the 
solution.  Also,  with  the  interface  so  exposed,  it  is  possi¬ 
ble  to  perform  productive  chemical  reactions  right  at 
the  interface  —  notably  the  photoelectrolytic  decompo¬ 
sition  of  FI.O  to O,  and  H - . 

Much  of  the  work1  :  in  this  field  has  concentrat¬ 
ed  on  the  semiconductor  side  of  the  Schottky  junction, 
searching  for  a  material  with  a  bandgap  of  about  1 .3  to 


Figure  1  —  Energy  level  diagram  lor  an  n  type  semiconductor  electrolyte  lunction 
showing  the  relationships  between  the  electrolyte  redox  ...ouples  O  H  O  and  H  0  0  . 
flatband  potential,  space  charge  region,  bandgap.  conduction  and  valence  bands,  and 
Fermi  level  Also  depicted  is  a  simplified  picture  ot  an  election  hole  pan  being  qenei 
ated  by  the  absorption  of  a  photon  ih.  •  £;ii  i  with  the  electron  being  acce'eratod  into 
the  semiconductor  bulk,  and  the  hole  reacting  with  the  solution 
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1.8  eV  in  order  10  n sc  the  solar  flux  energy  profile  effi¬ 
ciently.  The  ideal  material  must  be  stable  unsard  de¬ 
composition  by  the  photogenerated  minority  carrier  (a 
hole  in  the  ease  of  an  n-type  semiconductor),  and  its 
flat  ha  nil  potential  ( l  almost  equal  to  the  energy  of 
the  conduction  band)  must  be  negative  of  the  H  H.O 
reduction-oxidation  potential  in  order  to  phoioeleci ro¬ 
ly/e  H.O. 

No  single  known  semiconducting  material  has  all 
of  these  properties,  although  a  family  of  semiconduc¬ 
tors  derived  from  transition  metal  oxides  is  not  far 
from  being  ideal.  Transition  metal  oxides  are  inherently 
stable  toward  decomposition,  have  lair-io-good  effi¬ 
ciencies,  and  have  reasonable  1,,,'s.  Their  major 
drawback  is  a  handgap  that  is  typically  2.2  to  3.8  eV  - 
too  high  for  solar  energy  conversion  applications.  Our 
approach  has  been  to  try  to  reduce  the  handgap  through 
chemical  modifications  while  retaining  the  other  posi¬ 
tive  features  ol  the  semiconductor  material. 


DISCI  SSIO.N 

Specifically ,  we  are  investigating  a  naturally  oc¬ 
curring  alloy  system  ot  le.O;  and  leliO  (hematite 
and  ilmenite)  that  forms  a  solid  solution  over  the  whole 
composition  range. 

In  the  hemat  ite-tlnienite  mineral  series  |  vie  I  it) 

•  (1  v)le  (),|.  Mossbauet  measurements*  indicate 
that  for  v  -  0.6,  there  is  a  considerable  amount  ot 
charge  transfer  Irom  I  e  in  the  titanate  to  he  ;  in  the 
hematite,  for  many  minerals  where  the  crystal  field 
interactions  of  the  participating  ions  are  different,  the 
energy  ol  this  charge  transfer  reaction  is  often  found  in 
the  visible  region  of  the  spectrum.  It  is  important  to 
examine  the  effects  of  those  interactions  (he  —he  . 
he  -  hi  *.  and  Ti  :  —  hi  ‘)  when  introduced  into 
the  hc-O,  photoelect rochentical  system. 

We  also  wanted  to  evaluate  the  stabilization  of 
the  he  (>:  semiconducting  properties  by  the  introduc¬ 
tion  of  l  e  ions  contained  within  a  nearly  identical 
cry sial  lattice  (hcIiO,).  as  opposed  to  the  usual  addi¬ 
tion  by  means  of  a  structurally  incompatible  I  e:0. 
spinel  structure,  finally ,  changes  in  the  other  photoelec- 
trochemical  parameters  of  interest  such  as  quantum  ef¬ 
ficiency  and  Hatband  potential  in  the  alloy  system  were 
mv  estigated. 

I  he  the  I  iO,  •(!  v)he(>,  samples  were  pie 

pa  ted  in  the  I  or  tit  ol  thin  films  on  glass  substrates  In  kl 
t eactive  sputtering  (know  n  as  Kl  oxides)  and  by  thermal 
oxidation  (known  as  thermal  oxides)  I  he  films  were 
chatavleri/cd  by  X-tay  dtl traction  mesmemenis  tot  m 
li't  mation  on  structure  and  composition,  secondaiy  ton 
mass  spectroscopy  tor  elemental  composition,  and  dtl 


lereniial  capacitance  measurements  for  flat  band  deter 
initiations.  I  lie  results  of  the  measurements  will  not  be 
discussed  explicitly;  rather  we  will  concentrate  on  vis¬ 
ible  absorbance,  photoconductivity,  and  photoelectro¬ 
chemical  measurements  and  on  the  variations  observed 
as  a  function  of  the  l  e  i  i();  concentration. 

The  absorptivity  spectra  of  the  Kl  oxides  are 
presented  in  l  ie.  2.  It  we  take  the  0%  curve  (I  e.(): )  as 
a  point  of  reference,  the  addition  of  8.8  to  10.6% 
he  I  i(),  causes  the  absorptivity  to  increase  somewhat  in 
the  500  to  600  inn  region.  As  the  hehiO:  concentration 
increases  beyond  10.6%,  the  absorptivity  begins  to 
drop  as  the  edge  appears  to  be  blue  shifted.  This  is  to  be 
expected  because  he  1 1(>.  has  a  bandgap  energy  (/:  ,  ) 
of  2.58  eV,  and  the  film's  spectral  response  should  at 
some  point  reflect  the  fact  that  the  hcTiO:  content  is 
increasing. 

When  these  data  are  presented  in  the  form 
(,,/n)  versus  hr,  where  <<  is  the  absorption  coefficient 
and  hi  is  the  photon  energy,  the  linear  relationship 
indicates  that  the  bandgap  transitions  are  indirect. 
1  here  i  also  some  suggestion  that  the  /.  .  may  have 
been  lowered  to  1.9  to  1.8  eV  for  the  8  to  11%  films 
from  the  2.0  value  seen  for  i  e-O, . 

I  he  photoconductivity  ot  the  Kl  oxides  is  shown 
in  big.  3.  Although  it  is  not  possible  to  overlay  the 
photoconductivity  response  with  the  absorption  spectra 
in  an  absolute  sense  because  of  variable  electrode 
placement  and  excitation  beam  area,  the  photometric 
responses  are  qualitatively  similar,  with  the  concentra¬ 
tion-dependent  red  shift  being  even  more  predominant 
in  the  photoconductivity  spectra. 

Because  of  the  uncertainty  in  the  absolute  photo¬ 
current  yield  (electrons  per  incident  photon),  it  is  not 
possible  to  calculate  the  absorptivity  of  the  material' 
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Figure  4  —  Relative  photocurrent  as  a  function  of 
excitation  wavelength  for  the  RF  oxides.  Each  curve  has 


Figure  3  —  Normalized  photoconductivity  as  a  function 
of  wavelength  for  the  RF  oxides.  Values  were  normalized 
to  the  value  at  400  nm 


been  normalized  to  400  nm  and  has  been  corrected  for 
variations  in  the  excitation  intensity.  The  solution  is  1 
molar  NaOH.  The  potential  applied  to  each  sample  was 
0.0  V  (versus  SCE). 


from  the  photocurrent.  On  the  other  hand,  ii  is  possible 
to  calculate  a  relative  photoconductivity  spectrum  from 
the  absorptivity  spectrum,  assuming  a  constant  quan¬ 
tum  yield  throughout  ihe  wavelength  region  of 
interest. 

When  this  is  done  for  the  data  in  l  ies.  2  and  3. 
the  measured  photoconductivity  of  the  ()®'u  film  is  less 
than  the  photoconductivity  calculated  from  the  absorp¬ 
tivity  spectra.  This  indicates  that  not  all  the  absorption 
events  occurring  in  the  film  are  resulting  in  the  forma¬ 
tion  of  free  carriers  in  the  conduction  band.  As  the  con¬ 
centration  of  l  eTiO,  increases,  the  calculated  photo¬ 
conductivity  curve  begins  to  approach  the  measured 
photoconductivity  spectrum,  indicating  that  more  oi 
the  photon  absorption  events  are  resulting  in  free-catti 
er  formation. 

Photoelectrolysis  measurements  were  petloimed 
on  both  Kl  oxides  and  thermal  oxides  figure  4  depicts 
the  photocurrent  spectrum  for  the  series  of  Kl  oxides  at 
an  applied  potential  ol  0.0  V  (versus  saturated  calomel 
electrode  (SC  I  )).  T  aking  the  ().0"u  curve  as  a  point  ol 
reference,  the  relative  photoresponse  in  the  450  to  600 
nm  region  is  enhanced  for  the  lower  feliO.  content 
samples  (8.8  to  1 4 .4" n ).  As  the  concentration  meteascs 
above  I4.4"n.  the  response  in  this  wavelength  region  be¬ 
gins  to  fall  back  to  the  ()"n  reference  curve.  Note  also 
that  the  addition  of  1 1  extends  the  photoresponse  ol  the 
oxides  beyond  the  620  nm  (2.0  eV)  bandedge  ol  let), 
as  it  the  bandgap  had  been  lowered.  Attempts  to  deter¬ 
mine  the  bandgap  and  nature  of  the  transition  hv 
plotting  ( 1/ -/;<-)  versus  energy .  where  n  is  the  quantum 
efliciency  and  n  is  a  constant  that  depends  on  the  tvpe 
of  transition,  were  inconclusive.  It  appears  that  the 
activity  beyond  the  620  nm  bandedge  piohably  results 


from  impurity  states  in  the  gap.  All  of  the  curves, 
except  the  33.8®«  one,  represent  anodic  photocurrents 
from  an  rr-type  semiconductor.  The  33.8®«  curve,  on 
the  other  hand,  represents  a  cathodic  photocurrent  that 
one  would  expect  from  a  />-ty  pe  semiconductor. 

f  igure  5  shows  the  wavelength  dependence  of  the 
photocurrent  for  the  similar  series  of  thermal  oxides. 
Note  the  same  general  trend  of  enhanced  photoactivity 
m  the  425  to  600  nm  region  for  the  (8.8  to  10.6"n) 
feliO;  samples.  As  the  feliO;  is  increased  to  22.8"i>, 
the  photoactivity  curve  returns  approximately  to  the 
reference  0"u  curve.  I  tvlike  the  Kl  oxides,  the  thermal 
oxides  appear  to  have  little  or  no  photoactivity  beyond 
650  nm  I  ho  may  be  a  consequence  of  the  somewhat 
less  energetic  conditions  under  which  they  were  pro¬ 
duced  computed  to  the  Kl  oxides,  the  less  strenuous 
conditions  presumably  produced  fewer  states  m  the  gap 
and  thereby  reduced  the  tailing  beyond  the  bandedge. 

Ihe  photoconverston  (quantum)  efficiency,  de- 
lineil  a'  elections  generated  per  incident  photon,  was 
deteimmed  tot  t fi<-  Kl  oxides  and  the  thermal  oxides. 
I  he  efficiency  was  determined  at  450  nm  and  an  applied 
potential  ol  o.s  \  .  \\  uhin  the  Kl  oxide  samples,  the  ef- 
licienctes  varied  trom  0.1  to  l.3"'u,  with  most  of  the 
samples  lying  in  the  vicinity  ol  0.4"u.  flic  conversion 
efficiency  ol  the  0"u  sample  was  0.35"ii.  On  the  other 
hand,  the  thermal  oxides,  including  the ()"«  sample,  had 
efficiencies  that  vaiied  trom  3  to4"«  One  3 3 " n  sample 
exhibited  an  impressive  1  l"n  conversion  efficiency,  sug¬ 
gesting  that  reasonable  quantum  ef  liciencies  may  be  ob¬ 
tainable. 

Preliminary  stability  measurements  have  been 
made  on  0  and  10.6"»  Kl  oxides.  A  small  amount  of 
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Figure  5  —  Relative  photocurrent  as  a  function  of 
excitation  wavelength  tor  the  thermal  oxides  Each 
curve  has  been  normalised  to  400  nm  and  has  been 
corrected  for  variations  in  the  excitation  intensity  The 
solution  is  1  molar  NaOH.  The  potential  applied  to  each 
sample  was  0.0  V  (versus  SCEl. 


ly,  although  the  bandgap  does  not  appear  to  change 
significantly ,  the  enhanced  absorbance  and  the  result¬ 
ing  increase  in  pholoaciivtiy  in  the  important  region 
immediately  above  the  le  t),  bandgap  increases  the 
collection  efficiency  of  the  solar  flux  there.  Therefore, 
the  effect  is  almost  the  same  as  if  the  bandgap  had  been 
lowered. 

Secondly,  and  just  as  important,  the  modifica¬ 
tions  of  spectral  response  were  made  without  sacrificing 
any  conversion  efficiencies.  In  fact,  there  is  a  sugges¬ 
tion  that  the  efficiency  may  actually  be  improved,  f  i¬ 
nally,  a  point  not  previously  emphasized,  at  the  very 
high  concentration  of  FefiO:.  the  thin  films  begin  to 
exhibit  p- type  behavior.  This  is  quite  interesting  be¬ 
cause  it  is  well  known  that  p-n  photoelect  roly  tic  systems 
are  much  better  photoconversion  devices  because  the 
combination  of  the  two  electrodes  reduces  the  bandgap 
and  flatband  potential  requirements  of  the  individual 
ones.  The  possibility  of  making  p-n  junctions  simply  by 
modifying  the  Ti  concentration  of  an  Fe-Ti  oxide 
system  has  some  very  interesting  and  useful  ramifica¬ 
tions,  which  will  be  pursued. 


dissolution  was  observed  in  the  0,ro  FeTiC),  sample 
after  67  hours,  but  no  decomposition  was  seen  in  the 
l0.6*'o  FeTiC),  sample  after  it  was  in  solution  for  96 
hours  and  had  passed  J3.9  (  of  charge.  The  illumina¬ 
tion  source  in  both  measurements  was  a  100  VV  mercury 
lamp. 
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CONCLUSION 

We  have  examined  a  series  of  Fe.O,  thin  films 
made  by  two  different  techniques  containing  various 
amounts  of  Fel  iO,.  There  is  a  definite  modification  of 
the  Fe.O,  thin  films’  properties  upon  the  addition  ol 
FeTiO..  This  can  be  seen  in  the  consistent  behavior  of 
all  the  composition-dependent  measurements,  visible 
absorbance  measurements,  spectral  response  of  the 
photoconductivity,  and  photoeleetrolytic  response.  Al¬ 
though  not  presented  here,  similar  trends  in  behavior 
were  observed  in  the  flatband  potential  and  in  the  bias 
voltage  dependence  of  the  photoelectrolysis  current.  All 
of  the  measurements  indicate  the  occurrence  of  dramat¬ 
ic  changes  in  a  narrow  composition  region  ranging  from 
approximately  2.5  to  1 4 . 4"'<> . 

From  the  standpoint  ol  photovTcctroly tic  appli¬ 
cations,  the  observed  modifications  are  rri  the  direction 
ol  improved  performance  and  applicability.  Spccifical- 
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I  .  (  .  \amodl  and  J.  (  .  Murphy 


I  nw! hi nl  has  been  din  eloped  lor  eialualim; 
mmdestruitn  c/i  the  imeanty  ol  materials  hy  means  ot 
optteal  beam  ilelleituni  photothermal  teehnu/iies.  Hie 
un-thud  is  mini  uniat  line,  ean  he  used  in  hostile  enn 
ronments,  does  not  require  spceial  sample  />re/iaralion. 
and  mn  olien  he  used  in  situ.  It  ean  Ionite  surtaee  and 
near  surtaee  eraeks,  diseonnnuities,  t  unis,  amt  abrupt 
eh  unites  in  opt  mi  I  and  thermal  properties. 


B  \(  M.ROl  M) 

Main  recently  introduced  materials  Midi  a^  com¬ 
posite'.  high  pet tormance  ceramic  and  polymer  mate- 
led'.  new  metal  alloys,  and  thin -film  compound',  are 
niipoi  lam  m  electronic  lahrication  or  a'  structural  coni- 
poneni'  I  here  n  a  need  tor  better  characteri/ation  ot 
then  thermal,  optical,  and  Mructural  properties  and  a 
need  lot  more  information  about  their  latent  detects. 
I’hotoiherrnal  imaging  is  well  stilted  tor  this  type  ot 
stude .  ii  is  especially  useful  in  examining  thin  films 
where  u  can  measure  film  thickness  and  detect  film  dis¬ 
bonding.  Ibis  method  ot  imaging  is  presently  being 
used  only  in  a  laboratory  environment,  but  it  has  the 
promise  of  being  adaptable  to  industrial  applications 
because  u  tcijuircs  no  physical  contact  with  the  speci¬ 
men,  is  relatively  insensitive  to  it'  environment,  can  be 
used  with  larger  specimens  than  most  other  thermal 
nondestructive  evaluation  methods,  and  involves  rela¬ 
tively  simple  instrumentation. 


DISCISSION 

I  he  Basie  Photo! hermal  Technique 

Heat  How  in  a  specimen  is  determined  by  the 
type  and  location  of  its  heat  sources,  by  its  shape  and  be¬ 
ds  thermal  properties  and  thermal  environment.  In  gen¬ 
eral,  the  surface  temperature  of  a  heated  body  is  a  com¬ 
plicated  function  of  all  of  those  parameters,  and  the 
temperature  at  each  surface  point  is  affected  by  heat 
flowing  to  that  point  from  all  other  points  in  the  sample 
volume.  However,  when  a  modulated  heat  source  is 
used,  the  time-varying  component  ot  heal  flow  attenu¬ 
ates  rapidly  as  heat  diffuses  away  from  its  source.  Con¬ 
sequently.  the  modulated  component  of  the  tempera¬ 
ture  at  each  point  in  the  sample  depends  predominantly 


on  thermal,  optical,  and  geometric  properties  within  a 
thermal  diffusion  length  ol  t hat  point  Because  iho 
length  is  a  lunction  01  the  modulation  frequency,  the 
localized  region  ot  interest  can  be  changed  experi¬ 
mentally  w 1 1 In 1 1  certain  limits. 

hen  a  poun  source  ( usually  an  amplitude-mod¬ 
ulated  laser  beam)  is  used  to  heat  a  sample  harmon¬ 
ically,  only  the  sample  volume  near  the  heated  area  eon- 
tributes  significantly  to  the  modulated  temperature. 
Consequently,  the  thermal  map  obtained  by  scanning 
the  laser  beam  over  the  sample  surface  reveals  the 
thermal  and  optical  heterogeneity  of  the  sample  surtaee 
and  the  near-surface  volume. 

When  a  specimen  contains  structural  delects 
such  as  cracks,  fissures,  voids,  etc.  or  has  structural 
variations  such  as  grain  boundaries  or  spatial  amor¬ 
phous-crystalline  transitions,  and  the  dimensions  ot 
these  features  are  comparable  to  a  thermal  diffusion 
length,  they  disrupt  the  modulated  heat  How  m  the 
specimen,  causing  nonuniformities  in  the  surface  tem¬ 
perature.  To  illustrate  this  point,  fig.  I  shows  a  thermal 
map  of  a  6061 -aluminum  surface.  The  thermal  vari¬ 
ations  m  the  figure  were  produced  by  a  series  of  subsur¬ 
face  cracks  that  extend  beyond  the  v  isihle  tip  of  a  small 
surface  crack  approximately  5  pin  wide. 


Figure  1  —  A  photothermal  scan  ol  a  6061  aluminum 
sample  showing  a  series  of  subsurface  cracks  extend 
in g  beyond  the  visible  bp  ol  a  surface  crack  with  a  width 
ol  approximately  5  ,.m 


Optical- Beam- Deflect  ion  Imaging 


I  he  deletion  ol  the  modulated  thermal  pattern 
t'li  i he  sample  surface  ean  he  accomplished  by  various 
means,  eaeh  having  ils  o\v n  advantages  and  limitations 
1  he  photolhermal  method  developed  at  API  uses  the 
"mirage  efleet.”  A  "pump"  laser  heats  a  local 
i/ed  area  on  the  sample,  which,  in  turn,  heats  the  gas 
that  is  in  thermal  contact  with  the  heated  surlaee.  A 
"probe”  laser  beam  directed  parallel  to  the  sample 
surlaee  passes  through  the  heated  gas  and  is  deflected 
hv  thermallv  dependent  changes  in  the  index  ol  retrac¬ 
tion  ol  the  gas.  I  he  deflection  is  measured  hv  a  posi¬ 
tion-sensitive  light  detector.  I  his  very  sensitive  method 
allows  the  measurement  ol  temperature  changes  as 
small  as  10  ’  k 

A  variant  ol  that  method  ("reflective”  optical- 
beam-deflection  (OBI))  detections)  has  also  been  devel¬ 
oped  at  -MM  .  It  differs  Irotti  the  "skimming"  OBI) 
detection  technic|uv  described  above  in  that  the  probe 
beam  strikes  the  sample  surface  and  is  reflected  prior  to 
its  being  delected.  In  this  case,  the  photolhermal  signal 
depends  both  on  changes  in  the  refractive  index  of  the 
gas  and  on  thermal  expansion  of  the  specimen. 

OBI)  detection  has  certain  advantages  over  other 
thermal  detection  methods.  It  is  not  restricted  to  small 
samples  as  photoacoustic  detection  tv.  it  does  not  re- 
cjuire  physical  contact  with  the  sample  as  piezoelectric 
detection  does,  and  it  does  not  require  a  large  ambient 
temperature  as  radiation  detection  does.  The  most  sig- 
mficant  advantage  of  the  OBL)  method  is  its  localized, 
vector  mode  of  detection.1  Two  deflection  components 
exist,  one  normal  to  the  sample  surface  (which  is  pro¬ 
portional  to  the  average  temperature  along  the  projec¬ 
tion  of  the  probe  beam  path  on  the  sample  surface)  and 
the  other  parallel  to  the  sample  surface  (which  is  pro¬ 
portional  to  the  transverse  slope  of  the  surface  tempera¬ 
ture  averaged  along  the  projection).  Most  other  thermal 
imaging  techniques  average  the  surface  temperature 
over  the  entire  sample  and  thus  obtain  localization  only 
through  the  use  of  localized  excitation. 

When  localized  detection  as  well  as  localized  ex¬ 
citation  are  used,  the  topography  of  the  temperature 
profile  can  be  studied  in  the  v  icinity  of  a  heated  point; 
this  aids  in  establishing  the  local  geometry  of  a  defect  or 
a  structural  anomaly  that  is  not  possible  with  photo¬ 
acoustic  or  piezoelectric  detection. 


Thermal  and  Optical  Properties 

If  the  only  purpose  of  a  thermal  scan  is  to  accept 
or  reject  a  specimen  such  as  an  electronic  component,  a 
comparison  ol  its  thermal  scan  with  that  of  a  defect - 


Itcc 'ample  muv  he -ul  1 1.  icic  H.-woc!  wlicnmotcdc 
tailed  inloi mat ii >n  i-  wauled,  leaiurc-  a.  the  llieiina 
scan  must  be  related  to  .h.inge-  n  ilu.  .hernial.  I'prual. 
and  gcoinelik  propeinc'  "I  flic  -ample  malerial 
Some  information  ■  li.it  migh!  he  wanted  the  loeulio  i 
ot  irieipient  delect'  in  the  sample  oi  an  indication  ol 
what  change  m  sample  properties  n  a  precursor  o! 
delect  formation  (tiller  neuis  ot  intetC'i  might  be  flic 
changes  m  physical  properties  caused  hv  aging  oi 
changes  caused  hv  exposure  ol  the  sample  to  a  paiticii 
lar  benign  or  hostile  environment  St  ill  moie  basic 
would  he  a  studv  ol  tundamental  proeescec  that  change 
the  thermal  and  optical  properties  ol  a  material 

Basic  to  the  use  ot  photolhermal  imaging  .i'  an 
analytical  tool  is  the  ability  to  inlet pret  thermal  scans  m 
terms  ol  changes  in  the  thermal  properties  ol  the  sample 
material  and.  operationally .  to  know  the  cited  ot  ex¬ 
perimental  parameters  (such  as  the  modulation  tre- 
quency,  the  laser  beam  radii,  the  relative  position  ol  the 
pump  and  probe  beams,  and  the  distribution  ot  energy 
in  the  cross  section  ol  the  laser  beams)  on  the  photo- 
thermal  signal. 


I  hose  relationships  usually  are  complicated,  but 
a  detailed  analysis'  of  the  OBI)  method  shows  that  they 
are  simpler  under  certain  experimental  conditions  and 
for  certain  values  of  a  sample’s  physical  parameters. 

The  results  obtained  from  the  analysis  provide  some 
useful  rules  of  thumb  for  interpreting  experimental 
data. 

The  results  obtained  in  Ref.  7  show  that  the  sen¬ 
sitivity  of  the  photolhermal  signal  to  small  changes  in 
the  optical  absorption  coefficient,  J,  the  thermal  con¬ 
ductivity,  s,  and  the  thermal  capacity,  depends 
uniquely  on  two  ratios,  R  g  and  b  R.  where  R  is  the 
laser  pump  beam  radius,  b  is  the  thermal  diffusion 
length,  and  /<  is  the  thermal  absorption  length.  t‘  and  o 
are  related  to  d,  s,  and  (  through  the  relationships,  n  = 

I  /,)  and  b  =  (2x/.cO  ,  »  here  c-  is  the  angular  modula¬ 
tion  frequency.  A  convenient  way  of  showing  this  rela¬ 
tionship  is  through  topographical  maps  such  as  Figs.  2 
and  3,  which  show  contours  of  equal  photolhermal 
saturation  and  thermal  character,  respectively  . 

Photolhermal  saturation,  o,  measures  the  photo- 
thermal  signal’s  sensitivity  to  changes  in  optical  ab¬ 
sorption.  When  the  photolhermal  signal  is  100#’n  satur¬ 
ated  (o  -  100"’i>),  it  is  insensitive  to  any  changes  in  d, 
whereas  when  it  is  completely  unsaturated  (u  --  00'n),  it 
is  linearly  proportional  to  changes  in  d. 

Thermal  character  (  TC)  measures  the  sensitivity 
of  the  photolhermal  signal  to  changes  in  thermal  pa¬ 
rameters.  When  TC  -  I,  the  signal  depends  exclusively 
on  s;  when  1C  0.  it  depends  exclusively  on  C\  and 
when  TC  1 it  depends  only  on  s  and  ( '  through  the  I  5  I 


Figure  2  —  A  topographical  map  showing  contours  of 
equal  photothermal  saturation  plotted  as  a  function  of 
R  i,  and  ,’>  R  (,.  =  .;  '  where  •  >'  is  the  optical  absorption 
coefficient).  When  the  OBD  signal  is  saturated,  it  is  in¬ 
sensitive  to  small  changes  in  When  it  is  unsaturated, 
it  is  proportional  to  ■> 


product  kC.  Several  definitions  of  7'C  can  be  given.  In 
terms  of  the  photothermal  signal,  S,  TC  =  |l  - 
(<5/.V)  (HS/dd)\/2.  It  can  also  be  expressed  in  terms  of 
the  sample-related  frequency  dependence  of  the  photo¬ 
thermal  signal,  which  can  be  measured  experi¬ 
mentally. 

Figure  2  shows  that  saturation  occurs  at  high 
optical  absorptions  and  large  thermal  diffusion  lengths 
(relative  to  the  pump  laser  beam  radius).  Figure  3  in¬ 
dicates  that  the  photothermal  signal  is  dominated  by 
changes  in  the  thermal  capacity  when  optical  absorp¬ 
tion  is  high  (so  that  heating  occurs  mainly  at  the  sur¬ 
face)  and  thermal  conductivity  is  small  (so  that  the 
modulated  heal  travels  only  a  short  distance  before 
being  attenuated).  On  the  other  hand,  when  healing 
occurs  at  a  greater  depth  in  the  specimen  and  k  is  large 
(so  that  the  modulated  heat  flows  farther  from  its 
source  before  being  attenuated),  thermal  conductivity 
becomes  dominant.  For  experimental  purposes,  the  im¬ 
portant  point  to  be  noted  is  that  the  crossover  between 
these  regions  occurs  when  (he  thermal  diffusion  length 
and  i he  optical  absorption  length  are  equal  to  the  pump 
beam  radius. 

Three  distinct  regions  can  be  seen  in  Fig.  3,  one 
where  the  signal  depends  exclusively  on  C  (TC  —  0). 
one  where  it  depends  exclusively  on  s  ( TC  =  I),  and  a 
small  plateau  where  it  depends  on  the  product  kC  ( TC 
12).  For  other  values  of  R/^  and  b/R,  the 
relationship  is  more  complicated.  (In  photoacoustic 
imaging,  the  photoacoustic  signal  never  depends 
exclusively  on  s  so  that  a  study  of  this  thermal  variable 
using  the  photoacoustic  technique  is  more  difficult.) 
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Figure  3  —  A  topographical  map  showing  contours  of 
equal  thermal  character  i  TC i  plotted  as  a  function  of 
R/t i  and  R, 


In  an  optically,  or  thermally,  heterogeneous 
sample,  the  values  of  R/ n  and  b/R  may  vary  from  point 
to  point  on  the  sample  surface.  In  addition,  the  ratios 
can  be  changed  experimentally  by  varying  the  value  of 
R  and  w.  Consequently,  as  indicated  in  Figs.  2  and  3, 
each  sample  point  may  have  a  different  sensitivity  to 
small  changes  in  d,  *.  and  C  during  a  thermal  scan,  and 
this  sensitivity  can  be  changed  experimentally  within 
certain  limits  by  changing  R  and  u>. 

These  results,  which  are  more  fully  described  in 
Refs.  7  and  8,  provide  a  convenient  guideline  for  inter¬ 
preting  thermal  patterns  and  help  to  determine  whether 
features  in  the  patterns  can  be  attributed  to  changes  in  a 
particular  physical  property.  For  example,  if  a  feature 
appears  in  the  photothermal  scan  at  a  particular  point 
on  the  sample  surface  whose  values  of  R/ g  and  &/R  lie 
in  the  saturated  region  of  Fig.  2,  then  that  photother¬ 
mal  feature  must  be  caused  by  changes  in  thermal,  not 
optical,  properties.  Similar  types  of  conclusions  can  be 
drawn  when  the  ratios  lie  in  other  regions  in  Figs.  2 
and  3. 


SUMMARY  AM)  CONCLUSIONS 

Reflective  and  skimming  OBD  photothermal 
imaging  methods  developed  at  API  have  been  used  to 
detect  a  variety  of  defects  in  metals  and  ceramics.  Fa¬ 
tigue  and  corrosion  cracks  have  been  studied  in  various 
samples.  Surface  and  near-surface  cracks  a  few  mi¬ 
crometers  wide  are  detected  easily.  OBD  photothermal 
imaging  is  currently  restricted  to  a  laboratory  environ¬ 
ment,  but  methods  are  being  investigated  that  will 
adapt  it  for  technological  applications.  Photothermal 
studies  are  currently  being  made  on  the  thermal  charac¬ 
teristics  of  grain  boundaries  in  metal  samples. 


REFERENCES 


1  A.  (  .  Boccara,  L).  Fournier,  and  J.  Bado/.  “  I  her  mo-optical  Spec¬ 
troscopy:  Detect  ion  hv  the ‘Mirage  l*.  f  feet,*  Appt.  Phvs.  Lett.  36,  130 
(1980).  ' 

-J.  (  Murphy  and  I  .(  .  Aarnodt.  “Optically  Detected  Photothermal 
Imaging."  Appi.  Phvs.  Lett.  38,  196-198(1981). 

'J.  (  Murphv  and  1  .  C\  Aarnodt.  “Reflective  Photothermal  Imag¬ 
ing,"/  Phys.  Paris  l  6,  513-517(1983). 

4I  .  C  .  Aarnodt  and  J.  C\  Murphy,  “Photoacouslic  Measurements  Us¬ 
ing  a  1  ocali/ed  l:\citation  Source."  J.  Appt.  Phvs.  52.  4903-4914 
(1981). 

'.J.  C  .  Murphy  and  I  .  (\  Aarnodt.  “Signal  Enhancement  in  Photo- 
thermal  Imaging  Produced  hv  Three-Dimensional  Heat  Plow,” 
Appt.  Phvs.  t  en.  39,  519-521  (1981). 


*’l  .  C\  Aarnodt  and  J.  t\  Murphy,  “Effect  of  3-D  Heat  Flow  near 
Edges  m  Photothermal  Measurements,”  Appl.  Opi.  21,  111-115 
(1982). 

I  .  C  .  Aarnodt  and  J.  t\  Murphy,  “Thermal  Effects  in  Photothermal 
Spectroscope  and  Photothermal  Imaging,”  J.  Appt.  Phvs.  54,  581- 
591  (1983). 

.  C.  Aarnodt  and  J.  C  .  Murphy,  “Generalized  Saturation  Criteria 
for  Photothermal  Measurements,”  J.  Phvs.  Puns  C5,  115-119 
(1983). 


Hits  work  was  supported  by  SAVSl ASYSCOM  and  the 
Office  of  Nasal  Research. 


OLDROYD  FLUIDS  OSCILLATING  IN 
RKCT ANGULAR  DUCTS 

\  .  O’Brien  and  1  .  V\ .  flirlich 


Ihe  rectilinear,  oscillatory,  pressure-driven  mo¬ 
tion  ol  Oldroyd  nseoelastie  lii/uids  with  complex  dy¬ 
namic  t  tseosity  within  straight  reciantutlur  duels  lias 
been  described  theoretically.  /  lie  complementary  exact 
analysis  and  numerical  solutions  can  he  used  to  infer 
elastic  lime  constants  from  laser  Doppler  eeloeimeier 
measurements. 


BA<  M.ROl  Nl» 

Main  common  fluids  like  water  and  air  have  a 
simple  response  10  pressure  forces;  lhe>  are  called  New- 
lonian.  I  he  real  shear  viscosity,  />.  is  a  eonsiani  and 
there  is  no  elastic  response.  However,  some  liquids  have 
a  more  complex  viscoelastic  response  to  forces  gener¬ 
ated  in  flowing  fluids  and  they  are  called  uon-Ncw Ion¬ 
ian.  I  he  response  relation  is  embodied  in  a  •‘constitu¬ 
tive  telalion"  or  “equation  of  state,"  in  analogy  to 
the  ideal  gas  law.  One  possible  relationship  is  the 
Oldroyd  three-constant  response  that  incorporates  a 
constant  shear  viseosiiv  and  two  time  constants  related 
to  the  elastic  response  of  the  fluid  that  is  manifest  in 
frequency  -dependent  motions. 


It  was  possible  to  generalize  the  analysis  lor  par¬ 
allel  oscillatory  motion  of  a  Newtonian  fluid  in  rectan¬ 
gular  duets1  to  the  class  of  linear  viscoelastic  liquids 
obeying  the  incompressible  Oldroyd  model.  The  new 
solutions  are  given  as  functions  of  a  Stokes  number,  the 
ratio  of  cross-section  side  lengths,  and  the  two  Oldroyd 
time  constants.'  Ixact  analysis  and  or  numerical  ap¬ 
proximate  solutions  by  means  of  finite  difference 
methods  allow  the  prediction  of  the  time-dependent  ve¬ 
locity  fields  that  could  be  measured  optically  in  trans¬ 
parent  viscoelastic  liquids.  Or,  inverting  the  known  and 
unknown  aspects,  laser  Doppler  veloeimetry  in  rectan¬ 
gular  duets  would  allow  the  rheological  time  constants 
to  be  determined  by  means  of  the  theory. 

dis( rssio\ 

Dynamic  Viscosity 

The  rectilinear  oscillatory  flow  ol  Newton¬ 
ian  viscous  flow  in  straight  round  duels  was  ana¬ 
lyzed  long  ago.'  It  was  shown  to  be  dependent  on  a 
single  parameter,  a  Stokes  numbei  k  a  ij,  where  153 


> i  is  the  (constant,  real)  shear  viscosity  of  the  fluid,  t<  is 
its  density,  a  is  the  pipe  radius,  and  -x  is  the  frequency 
(in  rad/s)  of  the  oscillation.  Oscillatory  parallel  flow  of 
linearly  viscoelastic  fluid  in  round  pipes  requires  only  a 
slight  modification  in  analysis  when  the  shear  viscosity 
is  complex.'  Under  the  assumption  of  an  Oldroyd  con¬ 
stitutive  relation,  pipe  oscillatory  flow  depends  also  on 
two  time  constants  as  well  as  a  Stokes  number.  Oscilla¬ 
tory  flows  ol  viscoelastic  fluid  in  rectangular  ducts 
similarly  can  be  generalized  from  the  Newtonian  solu¬ 
tions  and  offer  a  scheme  to  verify  the  experimental  re¬ 
sults  of  round  pipe  measurements  of  the  Oldroyd 
constants.' 

It  is  assumed  that  only  linear  viscoelasticity  is  rc- 
quiievl  to  predict  the  non-Newtonian  flow.  Specifically, 
we  assume  the  three-constant  Oldroyd  model  in  which 
the  complex  dy  namic  v  iscosity  is 

/i '  n,  //i  ,  lit 


Figure  1  —  Rectilineal  flow  m  a  straight  rectangular 
duct.  Wi  X.  Y i 


tv  factors  c  that  can  be  factored  out.  1  q.  2  can  he  re¬ 
duced  tit 
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where  /•’*  is  the  /-dependent  pressure  magnitude,  and 
If  is  a  characteristic  velocity.  (The  minus  sign  is 
introduced  because  a  positive  If  velocity  corresponds  to 
a  negative  pressure  gradient.)  Dividing  through  by  H 
and  selling  »c  =  If  *  li  =  »*•'  *  iw'  A  =  u.v>/r  ■  >;, 
and /i*  n  th  ift  ",  the  nondimensional  equation  to 
be  solv ed  is 


!(/•'  if'  I  '  i  A  I  ('f'  ♦  rtf'  )  I  .  (4) 

and  relaxation  and  retardation  time  constants  A  .  A  , 
respectively ,  satisfy 

I  he  nonslip  boundary  condition  n  -  0  applies  at  the 
walls: 

A i  -  A  x  {)  .  (Ic) 


Clearly,  in  the  limit  -c  -  0.  /<*  corresponds  to  the  shear 
viscosity  ot  Newtonian  fluid  in  steady  flow.  I  he  param¬ 
eters  in  I  q.  I  can  be  related  to  the  relaxation  function 
ol  the  fluid  through  a  Fourier  transform. 


±  I  (a  2  b) 


lty  separation  of  variables. 


Analysis 

I  he  rectilinear  incompressible  flow  everywhere 
pa i al lei  to  the  bounding  walls  (I  ig.  I)  is  governed  by  a 
one-dimensional  momentum  equation: 
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w  here 
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Normalizing  In  the  duel  half-height  />,  and  assuming 
that  the  pressure  /’(/)  and  velocity  It  (/)  have  harmon- 


/’w  = 


'hi  = 


I  lie  evaluation  of  an  infinite  senes  of  terms  with 
complex  areiiments  is  tedious  even  with  modern  eom- 
putine  ptoetants.  An  alternative  scheme  is  to  start  with 
I  q.  4  and  assumed  values  of  A,,,  A,  and  compute  the 
flow  field  direct l>  by  a  finite-difference  approximate 
solution.  W  ritiitj:  out  the  real  and  imaginary  parts,  I  q. 
4  separates  into 


[i  1  tv  •  j ; i  .4  4  A  / )  It'  1 


(6) 
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nsitte  I  lor  the  matrix  operatoi  and  /  for  the  identity 
matt  ix. 

Willi  a  mesh  ot  \  ■  V  points  to  represent  the 
flow  atea  and  usine  the  boundary  condition  that  tv" 
n  0  ttn  the  boundary,  the  matrix  equations  (6)  can 
be  solved  readily  by  a  successive  ovenelaxation 
technique. 

Results 

\s  defined,  n  is  a  complex  number .  but  only  the 
teal  part  ( ttv  |  has  physical  tealtty.  Since  e  (cos 
_,7  t  /  sin  „■/).  it  siit t ice's  lot  illustration  to  show  the 
real  and  imaeinaty  part '  ol  »  (  u  and  u  .  respective¬ 
ly)  alone  the  centerplarte  ol  a  square  duct.  I  hey  are 
shown  in  l  ies.  2  and  4  loi  two  values  til  A  for  the 
assumed  values  X  (1.4  s,  A  0.1  s,  and  >;  16 

poise.  Also  shown  lor  contiast  are  the  cot lespotidine 
Newtonian  tt  audit  lot  the  same  A  . 


1  0  1 


Figure  2  —  Real  and  imaginary  parts  of  w  on  the  center- 
planes  for  A  =  1  in  a  square  duct  for  a  viscoelastic  fluid 
with  '.  =  0  3  s.  v.  =  0  1  s  (corresponding  Newton¬ 

ian  distribution  shown  for  contrast!. 
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ties  of  viscoelastic  fluids  that  complement  oscillatory 
flow  data  in  round  pipes  oi  other  apparatus.  Although 
the  velocity  fields  ate  complicated,  harmonic  behavior 


Oscillatory  rectilineal  flow  in  rcclanimlar  duels 
otleis  new  prospects  lor  dctcimmine  matcnal  ptoper- 


BOUNDARY  CONDITIONS  AND  RKVKRSIBIU  TY 
IN  DIFFUSION  CON TROUUKD  RFACTIONS 


I  .  Munchick 


I  v im/ile  two-stale  mode/  is  explored  in  which  a 
pmduct  new  I  v  limned  by  the  reaction  of a  solid  panicle 
and  a  yaseous  reactant  relaxes  by  internal  radiationless 
transitions  between  its  bound  stales  and  by  redissoci- 
ation  tollowed  by  diffusion  of  the  reactants  into  the 
soli  cut.  (ienerally.  the  inatchiiiu  equations  between  the 
internal  and  external  dynamics  do  not  take  the  form  of 
simple  boundary  conditions  but  ol  a  rather  more  com¬ 
plicated  inleyral  relation. 


li \C  K(.KOI  NI) 

I  lie  correct  model  ini:  ol  reactions  of  molecules 
with  sin  laces  requires  knowledge  of  both  the  internal 
and  the  external  dynamics.  Historically,  the  internal  dy¬ 
namics  have  been  modeled  by  a  radiation  type  bound- 
aiy  condition  that  has  as  a  consequence  that  the  rc- 
aeiion  decays  to  the  equilibrium  approximately  as 
expt  constant  •  time).  However.  this  model  has  been 
criticized  recently :  ’  because  it  replaces  a  reversible  pro¬ 
cess  with  ;m  irreversible  one  not  consonant  vvith  kinetic 
theory  and  because  the  usual  (  hapman-Tnskoe  type  of 
kinetic  theoiy  cannot  be  valid  just  outside  the  surface. 


DISCI  VslON 

I  he  simplest  system  display  me  true  reversibility 
c ol i s i s i s  ot  a  c round  stale  and  a  icaclion  complex  or 
"dooivvnv"  stale  that  is  lonned  when  the  leactants 
1 1 1  s i  Lame  toeethei.  Ihis  can  be  visualized  by  the  lol- 
low  me  i  eac I  ion  scheme: 


U.t\  sl.tll'' 


iMoutki  Mate 


I  ik  tciii'ihs  of  (he  .mows  arc  Mipposcd  to  iiuliciilc  I  lie 
.eliMtv  ol  c.kIi  step.  \  in. i"  balance  iclalion  can  now 
tv  -el  up  i  hat  i  dale-  I  he  net  I  lux  into  the  doorway  state. 
I  die  i  Ins  mu  ol  ilie  iloot  wav  siale.  j 

|  I'  I  \  dt  bit  1  >j  (  I  )  (I  I 


k  a  kco.J  ,u  .  nhilic  ills  i  elax.it  ion  ol  !he  svstem  to 
.  .  ,u  ■  ta  ■  mi :  I  a  iwo  -I, He  .vsieiti.  il  .oiisisis  ol  1  vv  *  * 
.  > ;  'oi  ,  1  '  j.i!  .  I. .  a  .  moils  is  a  1 1  aiistniss  ion  oi 

i  '  i  a  i  |  ■  .a  si  I' 1 1 1:  i  oi  cnic  me  i  lie  i  e.i.  I  it'll  zone  I  he 
or  ! . .  ai  a i  oil  ol  llu  1 1  a,  I  ’  v  t  i  -  H  in  I  -  show  n  ill  I  ir  I  , 
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Figure  1  —  A  spherical  particle  (crosshatched  area)  em¬ 
bedded  in  a  gas  of  reactant  molecules  (spheres).  Three 
spherical  zones  are  shown  concentric  with  the  particle: 
a  reaction  zone,  a  transition  zone  of  width  A.  and  an 
outer  zone  where  the  usual  gas  dynamic  laws  are 
valid. 


where  K  is  the  dimension  of  the  reaction  complex,  l  or 
reaction  of  a  eas  with  a  particle,  it  would  be  the  radius 
of  the  particle  plus  the  width  of  the  reaction  zone, 
which  can  be  taken  to  be  a  shell  of  the  thickness  of  one 
molecular  diameter.  The  problem  is  still  unsolved  un¬ 
less  j  is  specified.  In  the  ease  of  a  eas,  this  call  be 
determined  by  kinetic  theory.  As  a  result,  the  net  flux 
into  the  reaction  complex  takes  a  particularly  simple 
form  at  sufficiently  lone  times.  It  is  convenient  to  sepa¬ 
rate  the  eas  into  two  rceions.  I  he  first  is  the  reeion  out¬ 
side  a  distance  K  +  A  from  the  center  of  the  particle; 
here  it  is  a  cood  assumption  to  describe  the  eas  with  or- 
dinaiy  eas  kinetic  theoiy.  I  he  second  is  a  transition 
zone,  a  shell  ol  thickness  A.  whcie  the  icaclion  does  not 
allow  this  appioximalion.  I  he  net  flux  into  the  icaclion 
/one.  j.  rn.iv  be  expiessed  in  terms  ot  u  .  the  aveiaec 
thcimal  velocity;  nut.  the  concentration  ol  caseous  re- 
as  lam  nisi  out  side  the  I  east  ion  zone;  n  ( t ) .  a  I  is  til  ions 
concenlialion  lh.it  would  be  ill  cqiulibnuni  with  the 


total  amount  already  readied;  and  A.  the  width  ol  the 
transition  /one  taken  to  he  several  mean  tree  paths 
thick: 
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//  is  a  unit  vector  notinal  to  the  panicle  surface.  I  he 
numerator  is  just  what  physical  intuition  would  have 
postulated  as  the  correct  form:  a  ttansmission  coclfici- 
cnl  times  an  averayc  arrival  rate  times  the  displacement 
from  equilibrium. 


1  he  denominator  is  unexpected  and  takes  its 
special  form  for  tvv o  reasons.  ( )ne  is  that  the  calculation 
of  molecular  flux  throueh  a  surface  must  take  into 
account  the  perturbation  ol  the  velocity  distribution 
from  equilibrium.  In  the  presence  of  a  finite  flux  j,  this 
perturbation,  according:  to  standard  C  hapman-l  nskogt 
kinetic  theory,1  would  be  proportional  to  j  itself.  Sec¬ 
ondly.  (  hapman-l  nskoe  theory  is  not  valid  at  a  g>as- 
xurfaee  interface.1  but  can  only  be  applied  a  suitable 
distance  away .  I$y  mass  balance,  the  flux  at  the  edye  of 
the  transition  /one  can  be  related  to  the  flux  at  the  sttr- 
lace.  I  Itese  two  effects  account  tot  the  form  ol  the  de¬ 
nominator  of  [  q.  2  and  introduce  sevcial  nice  (ealmes 
into  the  theory  ot  diffusion  controlled  reactions.  1  he 
ecometric  factor,  { R  /{ R  +  _i))  .  is  a  kmul'cn  cor¬ 
rection  that  can  account  lot  the  raretaclion  ol  the  yas: 
at  very  low  pressures.  Ji  becomes  inlimtelv  laig:c  and 
lq.  2  L’oes  over  into  the  expected  vacuum  rate.  lot 
more  complicated  particle  shapes,  the  yeomen ic  lactor 
would  be  replaced  In  more  complicated  functional  tela 
liotiships. 

\(  Inch  pressures.  _V  vanishes,  ami  n  i'  seen  that 
the  transmission  voel I iciem .  ot  the  intuitive  tlicoiv 
has  been  icplaccvl  by  an  clleclive  li.iii'iinssion 
coefl  icienl : 


I  he  difference  is  not  mvial:  at  =  1 .  neylect  ol  iliis 
extra  lactor  would  underestimate  the  icaclive  flux  by  a 
lactor ol  iw  o. 

finally,  n  can  be  modified  to  depend  also  on 
the  decree  of  relaxation  that  has  taken  place  in  the 
reaction  product.  1  or  the  two-state  theory,  only  two  re¬ 
laxation  modes  need  be  considered,  but  a  more  compli¬ 
cated  Vsiate  model  ol  the  reaction  product  can  be  set 
up1  that,  in  yeneial.  leads  to  a  kernel  with  \  separate 
relaxation  modes. 

I  he  two-state  model,  then,  and  its  extension  to 
include  \  states,  in  con  junction  with  C  hapman-f  nskoy 
theory,  can  describe  an  extremely  larce  lance  of  experi¬ 
mental  conditions.  Ii  has  the  v  irtue  of  assuming:  the  coi  - 
reel  form  at  both  very  liich  and  very  low  pressures  and 
of  satisfying:  kinetic  theory  and  the  principle  ot  micro¬ 
scopic  i ev ersibi lit y . 
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